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ABSTRACT 

. 

An energy dissipation system baeed upon the inverse extrusion process 
was developed, w i t h  aluminum b i l l e t s  serving as the workfng medium. The 
resul t ing ltshock s t r u t ,  It a tubular telescoping mechanism, was evolved by 
comparative evaluation of deceleration prof i le  character is t ics  experienced 
i n  absorbing the kinet ic  energy of a f a l l i n g  body. 

Suitable shock strut designs u t i l i z i n g  aluminum b i l l e t s  of about 1.5 
cubic inches were tested a t  impact veloci t ies  up t o  40 f e e t  per second w i t h  
dropped weights exceeding 400 pounds. 
not exceeding 20 g ' s  were within the system capability, 
could result i n  even fur ther  decreases i n  deceleration levels,  
system, the deeeleration l eve l  varies inversely wi th  the dropped weight and 
is  essent ia l ly  independent of impact velocity. 
exceeded 60,000 foot-pounds of energy absorbed per pound of aluminum actual ly  
expended. Shook s t r u t  design involves a trade-off between the acceptable 
peak "g" level,  the overall  length, and the energy absorption efficiency, 

It was found tha t  deceleration leve ls  
Further development 

I n  a given 

"he best  system consistently 

. 
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INTRODUCTION 

Consideration given i n  pecent years t o  methods f0r absorbing the k ine t i c  
energy of decelerating vehicles has indicated t h a t  high energy-absorption ac- 
companies the p l a s t i c  deformation of metals. Another energy absorption prin- 
c iple ,  t ha t  of f r ic t ion ,  i s  considered t o  have the greatest  potential  of any 
method of energy absorption /17. Among various collapsible s t ructures  inves- 
t igated f o r  the landing of s z c e  vehicles, the frangible tube, u t i l i z i n g  such 
principles i n  undefined relat ion,  is reported t o  have demonstrated a higher 
energy absorption capabi l i ty  than any deceleration system yet i n v e s t i g a t e d . D  

Under Contract NASW-1185, the National Aeronautics and Space Admini- 
s t r a t i o n  authorized Technidyne Incorporated t o  investigate an energy-absorption 
vehicular landing system based on the inverted extrusion of metals. 

Direct extrusion involves a process wherein a metal b i l l e t  is  forced 
through a container by a ram and is extruded through a die a t  the end remote 
from the ram. 
within, t h e  conta'ineP,nd t h e  head of the Pam becomes the d i e .  

Inverted extrusion i s  a process wherein the b i l l e t  i s  fixed 

In  d i r ec t  extrusion processes, the t o t a l  extrusion force varies appreci- 
ably due t o  the changing f r i c t i o n  between t h e  moving b i l l e t  and t h e  container 
wall. 
t ravel ,  due t o  t h e  elimination of f r i c t i o n  between b i l l e t  and container wall. 
Whereas i n  d i rec t  extrusion processes it i s  usually desirable t o  minimize 
f r i c t i o n a l  forces  between the extruding b i l l e t  and the d i e  o r i f ice  and cylin- 
d e r  walls, i n  t h i s  ind i rec t  application such in t e r f ac i a l  f r i c t i o n  contributes 
t o  energy absorption and should be maximized since t h e  concern is  w i t h  con- 
t ro l led ,  ra ther  than rapid extrusion rate .  

I n  inverted extrusion, t he  t o t a l  extrusion f a m e  i s  constant with 

The deceleration system devised t o  apply such an extrusion principle i s  
a tubular telescoping mechanism, the operation of' which can be b r i e f ly  des- 
cribed as follows: A t  impact, the movable (inside) tubulap ram thrus ts  t h e  
die i n  contact with the f ixed  b i l l e t ,  deceleration being then coincident 
with t h e  extrusion of b i l l e t  metal through the die i n t o  the ram cavity. 

I n  addition t o  the advantages of law cost, s implici ty  of actuation, and 
a poten t ia l  saving i n  weight, t h i s  system is not l imited by t h e  t ens i l e  
s t rength of the shock-absorbing member as is the f rangible  tube, and, i m -  
portantly,  it promises control of the deceleration r a t e  through vap'iation 
i n  t h e  geometry of the b i l l e t  and of the  d ie ,  and/or through var ia t ion of 
the physical properties O f  the b i l l e t ,  

Esgar, J. B. , Ifsurvey of Energy-Asborption Devices f or Sof t  Landirg of 
Space Vehicles", NASA Technical Note D-1308, National Aeronautics and 
Space Administration, Washington, June 19a. 
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Scope of Investigation 

The aims of t h i s  work have been t o  acquire engineering information on 
the potent ia l  of the extrusion energy absorber and t o  ascer ta in  the approxi- 
mate requirements of a system offering the most e f f i c i en t  energy absorption 
and deceleration control. 

Specifically,  the object of such an energy diss ipat ion system is t o  

The m a x i m u m  
provide a landing within the deceleration and deceleration-onset r a t e  l i m i -  
t a t ions  dictated by the landing s t ructure  and i ts  contents. 
pemiss ib le  deceleration depends on such fac tors  as the s t ruc tura l  strength 
of t h e  vehicle, whether it i s  manned or  unmanned, instrumentation l imita- 
tions, etc.  It has been s ta ted  t h a t  f o r  a manned vehicle, the maximum 
g-load should preferably be of tE order of 4 t o  8 g * s ,  although i n  some 
applications decelerations up t o  35 g ' s  are permissible. A wider range of 
decelerations may be allowed f o r  unmanned vehicles. Less information is  
available concerning the deceleration-onset ra te ,  although it i s  postulated 

t h a t  man may be able t o  withstand up t o  1500 g ' s  per second. - 
Within the above l imitations,  the specif ic  requirements of a landing 

system depend upon the t o t a l  vehicle weight, t h e  t r ave l  distance during de- 
celeration, and the veloci ty  a t  deceleration onset. 
metal extrusion energy absorbers, weights up t o  a maximum of 500 pounds and 
f ree  f a l l s  f r m  a maximum of 25 fee t ,  providing a terminal veloci ty  of ap- 
proximately h0 f e e t  per second, embraced the operational ranges of in te res t .  

For this work involving 

The development included the design and assembly of a drop-test r ig ,  
three shock s t ru ts ,  and instrumentation t o  record the performance of the 
system. Extrusion arrays were tes ted t o  determine (a) deceleration prof i le  
(including peak g-loading) , and (b) energy absorption eff ic iency ( t o t a l  
energy absorbed per u n i t  weight of the absorbing system). 
piled t o  permit the design of absorbers which w i l l  meet potent ia l  combi- 
nations of peak g-load and absorption per u n i t  weight c r i t e r i a .  

Data were com- 

The ore t i e  a1  Conside ra t ions  

The relationships of the s ignif icant  var iables  of the energy-absorbing 
system are  expressed by c lass ica l  f a l l i n g  body, force  and work-energy etpa- 
t ions and by an empirically-determined equation f o r  extrusion force: 

V 2 2 s  
3- a = - =  

2 s  

2 



Force 

' -  

v = i 2 y  

F = m a  

Derived Extrusion Factor 

m a  
P A1 I n  A1/A2 g =  

Work Energy 
2 

F1 = mgs = 2 m v  

where s =  

8 =  
a =  
0 =  
F =  
o p  
Y =  
A1 = 

A 2  

v =  

m =  
1 =  

drop height 
terminal velocity a f t e r  f r ee  f a l l  
acceleration due t o  gravity 
average deceleration 
deceleration time 
force required f o r  deceleration 
extrusion fac tor  
yield strength of extrusion material 
b i l l e t  cross-sectional area 
orFfice cross-sectional area 
mass of the load 
distance of ram travel 

(3) 

(4) 

(7) 

I n  evaluating inverted extrusion as an energy absorption process accord- 
ing t o  the foregoing relationships, the following variables affecting the 
equation input were considered: 

' Developed from an equation presented i n  C. E. Pearson and R. N. Parkins, 
The Extrusion of Metals, John Wiley & Sons, Inc., New York, 1960. 
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B i l l e t  : Physical properties of material (hardness and yield 
strength), diameter, cross section, length, and 
temperature. 

Entry angle, and r a t i o  of entry area t o  e x i t  area (die 
area ratio;  w i t h  s o l i d  b i l l e t s ,  t h i s  is  equivalent t o  
the extrusion rat io)  a 

Orifice Ring: 

Overall System: Total weight (affecting length and wall thickness of 
s t r u t  components) 
system temperature, and f r i c t i o n a l  losses. 

height of drop (terminal velocity) 

Evaluation of Absmber Characterist ics 

The various extrusion systems developed were evaluated i n  an e f f o r t  t o  
establish geometries and extrusion materials t o  provide acceptable decelera- 
t ion  ra tes  and e f f i c i en t  energy absorption f o r  various intended purposes. 
The two preferred conditions--minimum deceleration l eve l  and high-energy 
absorption efficiency--must be "traded offt1 i n  the design of any par t icular  
system. Generally high energy absorption eff ic iencies  were found t o  corre- 
spond w i t h  high mode g-levels, and the converse. I n  some s i tuat ions it may 
be desirable t o  minimize absorption system weight and attach secondary i m -  
portance t o  the g-levels developed during impact; i n  t h i s  case a system ex- 
hibi t ing higher absorption efficiency may be demanded. I n  other cases, the 
primary concern may t o  be minimize g-levels, w i t h  system weight and absorp- 
t ion  efficiency being of l e s se r  import. 

Deceleration Profile. - In evaluating performance of a given system, 

Actual shock- 
the deceleration profile (deceleration vs. time) i s  of importance. An 
idealized prof i le  is  shown by the sol id  l i nes  i n  Figure 1. 
absorbing systems usually produce resu l t s  varying t o  some degree from t h i s  
idealized pattern. In  some instances, there may be a peak a t  the onset of 
deoeleration, a s  shown by the dotted l ine ,  o r  the deceleration may r i s e  
j u s t  p r ior  t o  the end of the event, or other var ia t ions may occur. 
work, effor t  w a s  directed toward a pat tern approximating the idealized 
curve. 

In  t h i s  

From fundamental principles of integration, the area under the curve is  
equivalent t o  the terminal velocity of the impacting load. 
t i on  can be determined by integrating t h i s  area and dividing by the length 
of the base l i ne .  The area under the curve is i n  g-seconds; thus division 
by the base l i n e  (seconds) w i l l  yield average deceleration i n  g's.  

Average decelera- 

As used herein, the term llaveragell is  applied when the above determina- 
t i on  i s  made; the term Ifmodelf i s  used t o  indicate  the most frequently occur- 
ring deceleration leve l  (i.e.,  the plateau l eve l  of the prof i le)  . 

4 



I 

Figure 1 

DECELERATION PRPILE 

Offset Rate 

Energy Absorption Efficiency. - Another s ignif icant  parameter is the 
energy absorption efficiency or €he r a t i o  af energy absorbed t o  the weight 
of material used i n  the absorption process. An efficiency value of 30yOO0 
foot-pounds absorbed per pound of absorbing material actual ly  u t i l i zed  i s  
sa id  t o  be representative at' the performance of the best  systems currently 
available fly 37. 

loaded drop box multiplied by the height of the dropj the weight of the ma- 
t e r i a l u s e d  i a  cmputed as the weight of the material extruded. 
if the weight of the extruded b i l l e t  material is 0.09 pound a f t e r  a 10-foot 
drop with a load weight of 270 pounds, the r a t i o  of energy absorbed t o  ab- 
sorbent material weight would be expressed: 

- -  
The energy absorbed by the extrusion shack s t r u t  is the weight of the 

For example, 

(270 lb)('' f t )  = 30,000 foot-pounds per pound. e =  (0.09 lb )  

McQehee, J. R. , "Experimental Investigation of Parameters and Materials 
f o r  Fragmenting-Tube Energy Absorption Process, NASA Technical Note 
D3268, - National Aeronautics and Space Administration, February 1966 Y 



EQUIPMENT 

The basic array of equipment necessary f o r  accomplishing the experimen- 
t a l  objectives included the  dropping apparatus, t h e  shack strut, and the 
instrumentation. 

DROPPING APPARATUS 

The dropping apparatus, shown i n  Figure 2, consisted of a 35-foot length 
of 10 inch, wide-flange 11111 beam anchored i n  a concrete pad. Brackets were 
welded t o  the top of t h e  beam t o  support a 1/2-ton e l ec t r i c  hoist .  
is a photograph of the apparatus ready f o r  a tes t  drop, with t h e  f i rs t  pre- 
liminary s t r u t  i n  position. 

Figure 3 

The beam was mounted a t  an angle of So from the perpendicular, w i t h  t h e  
upper end supported by a steel  catwalk connecting t h e  second f loors  of ad- 
jacent buildings. 
and maintain contact by means of a second s e t  of rollers on the underside of 
the flange. A set  of ro l l e r s  r iding on the edges of the flange prevented 
sideward motion. 

The weight box could thus roll down the length of the beam 

The shock-strut assembly w a s  bolted t o  the bottan of the weight box on 
the ground. 
n i s m  and hoisted up the beam as f a r  as desired and then released. 
the box t o  i t s  highest posit ion provided a maximum free fall of 25 fee t .  

The weight box was gripped by the jaws of the release mecha- 
Raising 

The impact plate  was s e t  i n  mortar a t  an angle of 5 degrees t o  horizon- 
t a l  t o  provide perpendicular contact. Oblique landings were made by using a 
second impact plate supported a t  an angle of 13 degrees t o  the perpendicular 
of the l i n e  of descent of the weight box. 

SHOCK STRUTS 

The basic design of t h e  shock e t ru t ,  or inverted extruder assembly, i s  
It consis ts  of a mounting block (1) which shown schematically i n  Figure 4. 

i s  bolted t o  the  bottom of the weight box and i n t o  which is  threaded a 
length of s t e e l  tubing (2) which serves as the container f o r  the extrusion 
b i l l e t  (3)  When the b i l l e t  has been placed i n  the container, an or i f ice  
ring (4) is  put i n  place and the  tubular ram ( 5 )  i s  inserted i n t o  the con- 
tainer.  A plug closes t h e  end of the  ram. 

J 
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Figure 2 

SCHEMATIC ARRANGEMENT OF ENERGY 
ABSORBER TEST INSTALLATION 

IMPACT PLATE \ 

CONCRETE F 00 TINGS - 
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Figure 3 

APPAtUlTUS IN POSITION FCR TEST DROP 

a 



1. Mounting Block 
2. Container 
3. Extrusion Billet  
4. Orifice Ring 
5. Ram 



Three s t r u t  designs were emplcyed, two of these being preliminary 

Following conservative design prac- 
struts used i n  establishing design c r i t e r i a  f a r  the t h i r d  strut--the u l t i -  
mate test apparatus of" t h i s  program. 
t ice ,  the components f o r  the f i rs t  preliminary strut were constructed with 
re la t ively large cross-sections and thick walls. The second-preliminary 
s t r u t  was characterized by greater  length and smaller cross section, but 
was also thick-walled. During experimentation w i t h  these two struts, it 
was determined that  the weight of the assembly could be reduced without 
sacr i f ic ing operating performance by the use of a short, thin-walled s t r u t  
of small cross-sectional area, and such was the design of the t h i r d  a t m t .  
Comparative dimensions of the three struts, are shown i n  Table I. 
Table I1 weights of the components and t o t a l  systems are  compiled. 

I n  

I n  each design, the b i l l e t  container and the ram were fabricated from 
commercially available 4130 seamless s t e e l  tubings 
were fabricated f r m  lead and aluminum. 
two designs: 
using aluminum annular sections wi th  titanium tubular inser ts ,  and the 
second provided axial  change i n  properties, using axially-sequenced aluminum 
washers of varying hardness. 

Single-material b i l l e t s  
Compound b i l l e t s  were assembled i n  

The first provided radial  change i n  material properties by 

One of the major factors  determining the force required f o r  extrusion 
is the r a t i o  d12/d22 (see Figure L), since t h i s  establishes the diametral 
reduction. 
throughout these experiments. 
end caps of t h e  rams. 

Numerous orFfice pings af dffferfng inside diameter were employed 
A l l  were of hardened DBL s tee l ,  as  were the 

INSTRUMENTATION 

The major instrumentation system required was f o r  the  meaeurement of 
deceleration-related factors;  additional instmtmnts were used f o r  special  
temperature and stress determinations. 

Deceleration Neasumment 

Two instrumentation concepts were used f o r  determination 0f load de- 
celeration: 
impact event and (2 )  di rec t  measurement using aceelerometers mounted on the 
shook Strut  assembly, 
load veloci ty  before impact and f o r  tr iggering oscilloscope and camera. 

(1) graphical derivation from high-speed photography af the 

Ancillary instrumentation was used f o r  dtetermining 
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Table I 

SHOCKSTRUT DDBNSIONS 

S t r u t  1 St ru t  2 S t ru t  3 
Container (inches) (inches) (inches) 

Length (Apprax. ] 1 2  48 10 
Outside Diameter 3.528 2.500 1 . 500 
Imide  Diameter 2.480 1 595 1.130 
Wall Thickness (Approx.) 0 0 524 0 a 452 0 ~ 8 5  

Ram 

Length (Appraot. ) 13 48 8 
Outside Diameter 2.48 10595 1.125 
Inside Diameter 2.365 1,382 1,027 
wall ThiOkneSS 0 055 0.105 0.049 

Table I1 

WEIQHTS OF THE THREE STRUT SllYEMS 

Cornpone n t  1 
Weight Box 
Container 
Ram 
Adapter P1 ate  
Hardware 
Bi l le t ,  Lead 
B i l l e t ,  Aluminum 

St ru t  1 
(13-inch ram 

length) 
259 lb 
16 lb 
5 1b 

9 Ib, 9 0% 

1 lb, 3 02; 

9 I b  

S t ru t  2 
(48-inch ram 

length) 
259 Ib 

38 lb, 4 oz 
7 lb,  1 oz 
9 Ib, 9 0 5  

1 lby 3 QZ 
4 Ib ,  7 oz 

2 l b ,  1 oz 

St ru t  3 
(8-inch ram 

length) 
259 Ib 

2 lb ,  8 oz 
1 2  08 

9 Iby 9 08; 

1 lb, 3 08; 

1 lb, 4 oz 

TOTAL, LEAD BTLLET 

TOTAL, ALUMINUM 
BILLET 

299 lb,  12 oz 319 lb ,  8 08; 

317 lb ,  2 oa 



High-speed Photography, - During much of the program, the descent of the 
strat was recorded by a high-speed motion picture camera as follows: 
shock s t r u t  assembly and the s t e e l  landing plate were painted w i t h  black 
paint,  
landing plate  and t o  the end of the shock strut ram. 
was applied t o  the bottom end of the container, and a second s t r i p  was care- 
f u l l y  applied t o  the container a t  an accurately measured distance from the 
b o t t m  s t r ip .  The high-speed camera was s e t  up s o  tha t  i t s  ve r t i ca l  f f e l d  
of view included the white s t r i p  on the landing p la te  and both container 
a t r ip s  when the f a l l i ng  strut was a t  l e a s t  6 inehes above the landing plate. 
The camera was mounted on i t s  side so the f i l m  would be drawn through hori- 
B on ta l ly .  

The 

White reflecting match tape was applied t o  the f ron t  edge of the 
A s t r i p  of the tape 

With t h i s  arrangement, when the f i l m  was projected on a screen, the 
three taped areas appeared as black l i nes  on a white background (or the 
reverse, depending upon whether negative or reversal f i l m  was used) , 
l i n e  on the landing plate  established a zero reference, while the two 
s t r i p s  on the container established a fixed distance reference f o r  distance 
scaling purposes; a time reference was obtained by sxpssirg the edge of the 
f i l m  t o  a 120-cps timing l i g h t ,  

The 

To obtain data from a film, it was necessary to  mark only the center 
of each timing pip S O  tha t  it would appear on the projection screen, and 
t o  run the f i l m  through a slow-speed analyzer projector. 

Fggure 5 shows the ?Fastaxfl camera mounted QBP the ringstand, sighting 
on the impact zone. The camera power supply appears a t  the base of the 
stand. 

Accelerametric. - A t  $he s t a r t  of the experimental program, an athempt 

This instrument proved t o  
was made t o  use a standard quartz accelerometer (Kist ler  Instrument Corpo- 
ration, Model 8288) t o  obtain decereration data, 
be unsatisfactory due to saturation of' i t s  e l ec t r i ca l  c i r cu i t ry  and it was 
neceasary t o  employ the high-speed photographic method f o r  data acquisition. 

Later i n  the program a newly-developed instrument called the rfPfezotronfl* 
became available. 
formance and it  was used i n  a l l  experiments w i t h  the f i n a l  apparatus. 

Tests wi th  t h i s  instrument demonstrated sat isfactory per- 

The basic c i r cu i t  diagram and hook-up of the "Pieaatran" are shown i n  
Figure 6. 
l i nea r  response up t o  1 250 ggs a t  10 mil l ivo l t s  output per g. 
a photograph of f i l t e r ,  coupler, and accelerometer, 

This instrument was designed t o  be namaturable and t o  give 
Figure 7 is 

* nPieaotronll, Accelerometer Model 818, Coupler Model 548B, and F i l t e r  Model 
ShhA5, Kis t l e r  Ins trument Corporation, Clarence, N, Y. 
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D I A G W  OF "PIEZOTRON" ACCELEROMETER 
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Figure 7 

ffPIEZOTRONff FILTER, COUPLER AND ACCELEROMETER 
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Figure 8 

OSCILLOSCOPE AND POLAROID CAMERA 



The t!Piezotrontl was mounted on the base plate  of the weight box. 
the use of the f i l t e r  gave a reasonably noise-free output signal, premature 
disarming of the oscilloscope t r igger  by randan noise (and consequent loss of 
the event record) had t o  be eliminated by using an isolated d-c pulse t o  t r i g -  
ger the oscilloscope about 2 milliseconds before impact. 

Although 

The oscilloscope trace was recorded on Polaroid f i l m  and l a t e r  rephoto- 
graphed by conventional methods f o r  reproduction. 
camera are shown i n  Figure 8. 

The oscilloscope and Polaroid 

Ancillary Instrumentation. - Triggering of the oscilloscope f o r  accel- 
erometer measurements was accomplished by use of a microswitch mounted on the 
I t I n  beam of the drop tower a t  a height of from 1 / 2  inch t o  2 inches above the 
poaition a t  impact of an arm mounted on the weight box. Descent of the box 
brought the arm i n to  contact w i t h  the microswitch actuator arm, closing the 
switch and in i t i a t ing  sweep of the oscilloscope trace appraximately 2 m i l l i -  
seconds before impact. 

I n  the photographic method, the s t a r t  of operation of the high-speed 
camera was actuated by the same switching operation. 

TemDerature Measurement 

Meaaurement of temperatures developed during impact were made wi th  
small-gage Chromel-Alumel thermocouples inaerted i n  a well d r i l l ed  i n  the 
b i l l e t  and h e l d  i n  place by cement. 
extrusion, the deformation of the metal would insure intimate contact w i t h  
the thermocouple. 

The hole was of a s ize  such that,  upon 

The output voltage was recorded on a s t r i p  chart. 

S t ress  Measurement 

For measurement of hoop s t resses  i n  the b i l l e t  container, bonded wire 
s t r a i n  gages were mounted on the outside of' the  container a t  the center of 
the b i l l e t  area. Outputs of the gages were recorded on a s t r i p  chart. 

16 



SHOCK STRDT DEVELOPMENT 

c The two previsional s t r u t s  previously described were tested against 
p r ior  theory t o  establish c r i t e r i a  f o r  the third t e s t  apparatus. 
auquired i n  these i n i t i a l  s tudies  were not i n  all cases conalusive, but 
contributed t o  the design of the f inal  apparatus. 

Data 

PRELIMINARY STRUT NO. 1 

The first preliminary s t r u t  (Table I) had a b i l l e t  container I D  of 
approximately 2.5 inches and an orifice ring I D  of approximately 2.25 inches, 
effecting a d i e  area r a t i o  of 1.25:l. 
conducted t o  evaluate the  e f fec ts  of or i f ice  angle and b i l l e t  geometry on 
energy absorption and deceleration. 

Using lead b i l l e t s ,  experiments were 

Orifice Entry Angle 

Orifiae entry angle is  defined as t h e  apex angle of the <)om formed by 
the  working surface of the or i f ice  ring. Orifiae design for the f i r s t  s t r u t  
was influenced by preliminary deceleration t e s t s  conducted wlth small-scale 
devices t o  obtain information on extrusion process variables involved i n  the 
absorption of impacrt energy. 

The aharauter is t ics  of the small-scale device were: 

A1 - 0.307 square inches 
A2 - 0.101 square inahes 
Ai/+ 3.05 
& = 1.75 inches 
m =  

Y - 1780 pounds per square inch 

207 pounds 
8 

Extrusion material - lead 

The drop and t h e  deceleration characterist ic8 were measured w i t h  a 
high-speed Waddell camera sighting di rec t ly  on the zone of impaat. 
Prom a typioal run are  plotted inFignre  9.  

Data 
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Figure 9 

VELOCITY AND DECELERATION AS A FUNCTION CF 
DISTANCE TRAVELED: SMALL-SCALE STRUT 
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These data permitted evaluation of t h e  extrusion fac tor  @ i n  the design 
equation ( 5 ) .  I n  Figure 9, the average deceleration i s  approximately 
2.25 x 104 cm/sec2, or approximately 23 g's. 
erated was 207 pounds, the extrusion force is  

Since the mass being decel- 

F = (207) (23) 4761 pounds. 

This value of F can be substituted i n  equation (7) , along with the k n m  
values of Y, A I ,  and A2, and the equation solved for @: 

= 7.76. 4761 ' = (1780) (0.307) I n  (3.05) 
This value of @ i s  considerably higher than the value of approximately 

1.5 obtained under idea l  extrusion conditions, and indicates tha t  the process 
was inef f ic ien t  from an extrusion standpoint due t o  the nossle design and the 
speed of extrusion, 
point of energy dissipation. 

These factors, however, were advantageous from the stand- 

Table 111 shows extrusion fac tor  values as a function of fonr die entry 
angles, omputed from equation (5). 

Table I11 

EFFECT OF ORIFICE ENTRY ANGLE ON 
EXTRUSION FACTOR, SMALL-SCALE STRUT 

Orifice Entry Mean Extrusion 
Angle Deceleration Factor 
( deg) (g) @ 

60 32.7 5-15 
90 46a 6 7.35 

120 50.2 7.90 
180 54.7 8,65 

On the basis  of these i n i t i a l  small-seale t e s t s ,  a s e t  of orFfice rings 
f o r  the f irst  test strut was made wi th  included entry angles of 120, 90, and 
60 degrees, i n  order t ha t  t h e  character of the i n i t i a l  extrusion force might 
be varied. Sketches of the cross sections of the four  dies are  shown i n  
Figure 10. Test r e su l t s  w i t h  these rings were compared w i t h  those with the 
180-degree ring i n  evaluating the e f fec t  of or i f ice  angle on i n i t i a l  impact 
peak deceleration and on average deceleration. 



6O-degTee 

90-degree 

120 I- degre e lEi3zI 

Figure 10 

O R I F I C E  RINGS AND ENTRY ANEZlES, STRUT D E S I G N  NO, 1 

The deceleration peak produced by i n i t i a l  impact proved t o  be markedly 
changed by variation ~f tyle entry angle, 
d i f f i c u l t  t o  obtain data in the i n i t i a l  impact mm, since the oscilloscope 
trace moved so  rapidly tha t  the f i l m  w a s  not heavily exposed. However, the 
data indicated t h a t  the sharp onset peak produced by the 180-degree die was 
considerably softened as the entry angle was reduced. 
signUfcance i n  the f i n a l  design, i n  which the i n i t i a l  fmpaet was reduced 
and the deceleration maintained m a r l y  comtant until. all the energy was 
dissipated . 

Dne t o  the rapid r i s e  time, it was 

This finding was of 

To determine the e f fec t  of o f i f ice  angle on average deceleration, a 
se r ies  of 5-foot t e s t  drops wa8 mads i n  which the change i n  deceleration 
produced by different entry angles waa compared t o  tha t  produced by the 
180-degree shear ring. The data are summarized i n  Table IT, and a p lo t  
of average values 18 shown i n  Figure 11. FOP these data: 

m - 311a5 pounds 

g 
Y = 1.78 x lo3  ps i  ( f o r  lead) 

A 1  4.91 square inches 

mean deceleration f o r  an orifYee 

A1/A2 1.25 
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Test 
NO 
7 
8 
9 
10 
11 
12 

- 

Table IV 

EFFFCT aF OEZTFEE EmTRY ANQE ON AVERAGE DECELERATION: 
STRUT DESIGN NO. 1 

Material Extruded: Lead 
Free-fall Distance: 5 f e e t  
Extrusion Ratio: 1.25:1 

13 
14 
15 

16 

18 
17 

19  

20 
21 
22 
23 

Orifice 

60 

60 

90 
90 
90 

120 

120 

180 

180 

Ram 
Travel 
(feet) 

0.156 
0 . 156 
0.166 
0 . 151 
0.136 
0.156 

0 . 104 
0.109 
0.109 

0 . 104 
0.098 
0.104 
0 093 

0 . 104 
0.078 

0.098 
0 . 088 

Average 
Deceleration 

32.0 
32.0 
3 .I 
33.1 
36.8 
32.0 

(id 

48.0 
4s. 9 
45.9 
48.0 
! L o  
48.0 
53.8 

48.0 
64.0 
54.5 
50.5 

Average Mean Value 
Deceleration For OrFfiae 

(msec) ( 8 )  
17.5 
17.5 
18.6 32.7 
17.0 
15.2 
17.5 

11.7 
12.2 46.6 
12.2 

11.7 

11.7 
10.4 

10.9 50.2 

11.7 
8.8 54.7 
9.9 
11.1 
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Figure 11 

EFFECT CIF O R I F I C E  ENTRY ANGLE ON AVERAGE DECELERATION: 
STRUT DESIGN NO. 1 

Material Extruded: Lead 
Free-Fall Distance: 5 f e e t  
Extrusion Ratio: 1.25:l 
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Although both peak and average deceleration are  seen t o  decline with a 
decrease i n  o r l f i ce  angle, a &-degree angle was found t o  represent the mini- 
mum permissible for an extrusion r a t io  of 1.25:l. 
l ished tha t  the 60-degree ring became warped a f t e r  each impact and possibly 
added an unknown variable t a  the tests. 
strength and impact softening capability, the 90-degree included angle was 
adopted f o r  eubaequent use. 

It was fu r the r  estab- 

A 8  compromise between s t ruc tura l  

B i l l e t  Geometry 

Having determined the practical  l i m i t s  f o r  the orFPice angle, subsequent 
investigation involved var ia t ion of the b i l l e t  geometry t o  reduce i n i t i a l  i m -  
paat deoeleration, 
t r ibu t ion  & energy absorption were tested.  

Various designs calculated to achieve a smoother dis- 

A solid-nosed lead  b i I l e t  dropped from a height af 5; f e e t  produced the 
deeeleration curve s h o w n ' m g u r e  12. The i n i t i a l  sharp r i s e  is due, 
among other factors, t o  the energy required t o  induce flow of the lead 
through the or i f ice .  
of the remaining energy. 

The "tail-off" of the curve represents the absorption 

Addi t iona l tes te  were made with bored-end b i l l e t s ,  i n  an e f f o r t  t o  
reduce the  impact peak by presenting a smaller mass or' metal a t  the b i l l e t  
nose t o  be induoed t o  flow through the or i f ice .  The nose of a b i l l e t  was 
a rb i t r a r i l y  dr i l led  as  shown i n  Figure 13. A 5-foot test drop yielded the 
deceleration curve presented i n  Pigare 14. The b i l l e t  produced a gradual 
r i s e  i n  deaeleration over a period of 8 milliseconds, compared t o  a sharp 
rise time of 2 millisecond6 f o r  the eol id  b i l l e t .  
as soon as the orif-ice ring reached the end of the bored section of the 
b i l l e t .  
the remaining energy i n  inducing extrusion (about 1/16 inch) b 

The gradual r i s e  ceased 

The harp drop following t h i s  point represents the absorption aP 

Further tests conducted wi th  ident ical  bored-nose b i l l e t s  from heights 
of 10, 15, 20, and 25 f e e t  showed lower impact decelerations, par t icular ly  
a t  the higher drops (Figures 1s through 18). The anomalous rise a t  the end 
of the  10 and 15 foo t  drops i s  apparently due t o  mechanical i r r egu la r i ty  i n  
the apparatus. 

. Suacess in obtaining a dis t r ibut ion of the i n i t i a l  impact energy by 
the use of p m t i a l l y  bored b i l l e t s  suggested the investigation of the e f f ec t  
of aompletely d r i l l e d  b i l l e t s ,  Two i n i t i a l  drops of 5 and 10 f e e t  were made 
w i t h  a standard lead b i l l  e t  daving a l/k-inch hole d r i l l ed  ax ia l ly  through 
its ent i re  length; resu l t s  are presented inF igures  19 and 20. 
in i t ia l  and tenninal rises i n  deceleration shown i n  the curves were not 
f u l l y  explainable, and fur ther  experimentation with drilled-through b i l l e t s  
was carried out l a t e r .  

The sharp 
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It. 

Material Extruded: Lead 
O r i f  i c e  I 90 O ( included) 
Extrusion Ratio: 1 . 2 5  
B i l l e t  Nose Configuration: Solid 
Temperature During Drop: 65°F 
Drop Height: 5 f e e t  
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Extrusion Itatios a t  a = 0 . 8 9 ~ 1  
b = 0.9S:l 
c = 0.99:l 
d = 1.25:1 
e = 2.480 in .  B i l l e t  Diameter 

Figure 13 

SPECIALLY DRILLED LEAD BILLET FOR IMPACT-REDUCTION TESTS : 
STRUT DESIGN NO. 1 



Material Extruded: Lead 
O r i f  i c e  : 90 O ( included) 
Extrusion Ratio: 1 . 2 5  
B i l l e t  Nose Configuration: Bored as Shown 
Temperature During Drop: 65 OF 
Drop Height: 5 f e e t  
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Figure 14 
EFFECT OF BILLET NOSE CONFIGURATION ON DECELERATION: STRUT DESIClN NO. 1 
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E F F E C T  QF B I L L E T  NOSE CONFIGUFtATION ON DECELERATION: STRUT DESIGN NO. 1 
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Material Extruded: Lead 
Orifice : 90 ( inc luded) 
Extrusion Ratio: 1 . 2 5  
B i l l e t  Nose Configuration: 
Temperatdre During Drop: 65’F 
Drop Height: 1s f e e t  

b 

B o r e d  as Shown 
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Figure 16 
EFFECT OF BILLET NOSE CCNFIGURATION ON DECELERATION: STRUT D E S I G N  NO. 1 
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Material Extruded: Lead 

Extrusion Ratio: 1.25  
B i l l e t  Nose Configuration: 
Temperature During Drop: 65°F 
Drop Height: 20 f e e t  

I Orifice : 90 " ( included) 

Bored as Shown 
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EFFECT OF BILLET NOSE CONFIGURATION ON DECELERATION: STRUT DESIGN NO. 1 
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Material Extruded: Lead ., 
Orifice : 90 " (included) 
Extrusion Ratio: 1 . 2 5  
B i l l e t  Nose Configuration: 
Temperature During Drop : 
Drop Height: 25  f e e t  

Bored as Shown 
65 "F 
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Figure 18 
EFFECT OF B E L E T  NOSE CONFIGURATION ON DECELERATION: STRUT DESIGN NO. 1 
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Material Extruded: Lead 
Orifice : 90 O ( included) 
Extrusion Ratio: 1 . 2 5  
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PRELIMINARY STRDT NO. 2 

The second preliminary s t ru t ,  assembled f o r  the purpose of tes t ing 
e f f ec t s  of b i l l e t  length and diameter, was used t o  continue investigations 
i n  b i l l e t  geometry and t o  i n i t i a t e  work w i t h  aluminum b i l l e t s .  

The 48-inch container permitted the b i l l e t  t o  have a maxfmum length of 
33 inches. 
1.59,iinches. 
tained by holding the radial  thickness a t  the or i f ice  ring t o  a ppactical 
minimum. 

The inside diameter of' the b i l l e t  container measured approximately 
With t h i s  smaller diameter, a die area r a t i o  of 1.37:1 was ob- 

B i l l e t  Studies 

For comparison w i t h  the data acquired during work w i t h  the f i rs t  s t ru t ,  
two i n i t i a l  drop t e s t s  were conducted w i t h  solid lead b i l l e t s .  
of these tes t s ,  made from heights of 5 f e e t  and 10 fee t ,  are shown i n  Figures 
2 1  and 22. 
recorded for sol id  lead b i l l e t s  w i t h  the f irst  s t r u t  (Figure 12), and a 
lowered mode i s  aIso evident, These resu l t s  were at t r ibuted t o  the reduced 
b i l l e t  diameter, since a smaller mass of lead had t o  be induced t o  flow 
thrcugh the or i f ice ,  wi th  l e s s  absorption of energy. The al tered die area 
ra t io ,  which provided an actual aPea reduction of 0.90 square inches (com- 
pared t o  1.17 square inches f o r  the first s t ru t ) ,  was a l so  believed t o  con- 
t r i bu te  t o  the reduction of i n i t i a l  impact deceleration. 
of the lower deceleration l eve l  over longer time intervals  was also char- 
a c t e r i s t i c  of the curves i n  Figures 2 1  and 22, A s  i n  the case of some of 
the previous drops w i t h  the f i rs t  stmt9 the Curves exhibited high terminal 
peaks of deceleration. 

The resu l t s  

The i n i t i a l  deceleration peak was considerably Peduced from tha t  

A dis t r ibut ion 

I n  fur ther  studies of the ansdt deceleration spike, 11-inch b i l l e t s  of 
1100-0 f u l l y  annealed aluminum were d r i l l ed  i n  a manner similar t o  tha t  used 
i n  e a r l i e r  t e s t s  w i t h  lead b i l l e t s .  An attempt was made t o  proportion the 
s i ze  of the holes according t o  the r a t i o  of the yfeld strengths of lead and 
aluminum. The f i rs t  dr i l led  hole i n  the b i l l e t  end could not be made as 
la rge  i n  diameter as was indicated by t h i s  yield strength rat io ,  since some 
metal was required f o r  the themocouple well f o p  tempepature measurement. 
The d r i l l ed  pattern, as well as data from a typical 5-foot t e s t  drop, i s  
shown i n  Figure 23. 

This  measurement indicated that  deceleyations i n  the range of 20 t o  
60 g ' s  without an impact spike could be obtained w i t h  the open-nosed b i l l e t s .  
The curve shows a smooth deceleration over the f i r s t  3 milliseconds, followed 
by a rapid r i se ;  the smooth deceleration occurred during the passage through 

'1 ' 
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Material Extruded: Lead 
O r i f  i c e  : 90 O ( included) 
Extrusion Ratio: 1.37 
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Material Extruded: Lead 
Orifice : 90 ( included) 
Extrusion Ratio: 1.37 
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the or i f ice  ring of tha t  par t  of the b i l l e t  w i t h  the smallest annular area. 
The photograph i n  Figure 23, which shows the cross section of the extruded 
par t  of the b i l l e t  a f t e r  removal from the container, reveals the metal pileup 
which produced the high deceleration toward the end of the extrusion. 

An attempt was made t o  ease t h i s  high deceleration by extending the 
large-diameter hole fur ther  i n to  the b i l l e t ,  beyond t h e  point af expected 
maxi mu^ ram travel .  
erat ion of 26 g 4 s  over most of the period. In t h i s  case, the rapid terminal 
increase could not be at t r ibuted t o  metal pileup due t o  change i n  hole s i ~ e ,  
aa i n  the previous tes t .  No bending or binding of the  s l iding par ts  of the 
apparatus occurred, as evidenced by the ease w i t h  which the ram and b i l l e t  
could be removed from the container. 

A s  evident i n  Figure 24, t h i s  produced uniform decel- 

An explanation offered f o r  the terminal spike was t h a t  work hardening 
increased t h e  yield strength of the metal during the l a t t e r  portion of the 
extrusion. Microhardness measurements taken on the b i l l e t s  a f t e r  t h e i r  re- 
moval f rm  the container showed a comiderable hardness gradient along the 
length of the bi l le t .  The hardness was maximum i n  the extruded portion and 
diminished w i t h  increased distance from the or i f ice  ring. 

Jluring the above, measurements were made of the temperature r i s e  pro- 
duced within the b i l l e t s  as a r e su l t  of absorption of impact energy. 
measurements were made with f ine-wire thermocouples ins ta l led  i n  rad ia l  
holes d r i l l e d  i n  t h e  aluminum b i l l e t s .  
were reaarded a t  the s t a r t  of extrusion where the greatest  rise would be 
expected. 

The 

Only negligible temperature r i s e s  

Temperatures of about 40°F above ambient (3OPF) were observed. 

Additianal measurements indioated the e f fec t  of b i l l e t  preheating. 
Theae tests were made w i t h  annealed 1100-0 aluminum b i l l e t s  bored through- 
out wi th  a l-1/8-inch hole. Immediately before the drop, the b i l l e t  tem- 
perature raised t o  approximately 365°F by employing resistance heating 
tape around €he b i l l e t  container; t h i s  temperature was selected i n  order 
t o  reduce the  ultimate tens i le  strength of the b i l l e t  t o  approximately 
50 percent of i t s  original value a t  room temperature (13,000 psi ) .  
neaa measurement8 on the Rockwell "Hn scale were made before heating and 
again a f t e r  dropping the heated b i l l e t .  
Figure 25. 

Hard- 

m i c a 1  resu l t s  are presented i n  

Component Weight Studies 

With the view to providing a ahock s t r u t  assembly of' minimum weight, 
coneideration wad given t o  the required container wall thickness and the 
required s t a t  length. 
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The container walls of the second preliminary s t r u t  were approximately 
15/32-inch thick. Hoop stress measurements made during drop tests using 
f u l l y  annealed aluminum 1100-0 as the b i l l e t  material indicated peak s t resses ,  
f o r  a 5-foot drop, of less than 300 psi .  

The w a l l  thickness of one container was reduced t o  3/16 inch so t ha t  the 
s t resses  during aluminum extrusion would be increased t o  a r e a l i s t i c  magni- 
tude f o r  comparison w i t h  the s t resses  tha t  would be produced i n  the container 
by a f l u i d  under pressure. 
sections of a b i l l e t ) ,  and the weight was dropped a distance of 5 feet. 
L i t t l e  energy was absorbed and t h e  mass bounced, and a peak s t r e s s  of 10,000 
p s i  i n  the container w a l l  was recorded. 
recorded when t h e  energy was absorbed (no bounce)., 

The container was f i l l e d  w i t h  o i l  (between two 

Stresses  of 2500 t o  3000 p s i  were 

These observed low stresses indicated t h a t  w i t h  metal b i l l e t s  the con- 
ta$ner ac t s  more as a guide f o r  the ram than as a pressure-restraining member. 
A container of re la t ive ly  thin-walled tubing with a s imilar  telescoping used 
as the ram was thus indicated t o  be an e f fec t ive  low-weight energy absorber. 

During the f i r s t  few drops w i t h  the second strut, t h e  length of the 
strut was a l s o  considered, 
inches of b i l l e t ,  a ram t rave l  of only 1-1/2 inches w a s  observed f o r  a 
5-foot drop and 4-1/4 inches f o r  a 20-foot drop. 
the provision f o r  ram t rave l  c m l d  be grea t ly  reduced i n  the f i n a l  s t r u t  
design, and tha t  the length and weight of both container and ram could be 
reduced. 

Although the design included provision for 33 

It was thus evident t h a t  

CONCURRENT DEVELOPMENTS 

B i l l e t  Materials 

Preltminary evaluation of candidate b i l l e t  materials was conducted 
using lead b i l l e t s  w i t h  the f i r s t  strut design and 1100-0 aluminum b i l l e t s  
w i t h  the second design. 
absorption efficiency, which was computed according t o  the equation: 

The aluminum exhibited vas t ly  superior energy 

w s  e =  
A 1  P A ’  

where w i s  the weight of the load box, s i s  the  height of the drop 
x COS so, A 1  i s  t h e  b i l l e t  cross-sectional area, p 
sion material  and 1 i s  t h e  distance of ram t r a v e l  during deceleration. 
Here the volume of material u t i l i z e d  i n  the absorption p ~ o e e s s  fs defined 
as  t h a t  volume of original  b i l l e t  t h a t  i s  displaced by the  d i e  ( i o e a ,  the 
cross-sectional area of the or iginal  b i l l e t  times the distance traveled 
by the ram during extrusion). 

fs the density of extru- 
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For a sol id  lead b i l l e t  w i t h  the f irst  design shock strut ( b i l l e t  
OD 2.24 inches, load weight 3 pounds), the ram t r ave l  f o r  a 5-foot drop was 
2.Sa inches. 
pounds per pound. By contrast, the aluminum b i l l e t  using the second design 
f o r  the same drop height ( b i l l e t  OD 1.59 inches, load weight 270 pounds) 
resulted i n  ram t rave l  of 1.875 inches, or an absorption efficiency of 
7500 foot-pounds per pound. This pronounced ef fec t  of material on e f f i -  
ciency was confirmed by additional preliminary t e s t s .  

This  i s  equivalent t o  an absorption efficiency of 764 foot- 

I n  addition t o  i t s  re la t ive  superiority i n  absorption efficiency, 
aluminum has general advantages i n  machinability, cost, and other factors .  

Verification of Energy Balance 

Verification of the va l id i ty  of an observed deceleration p r d i l e  i n  
the above t e s t s  was made by comparing the energy absorbed (measured area 
under the deceleration curve) w i t h  the energy represented by the f r ee - f a l l  
terminal velocity ( i n  which f r i c t iona l  losses  were disregarded). 
parison shewed generally good agreement between the observed and the theo- 
retical values of energy absorption. 

This com- 

SUMMARY 

Tests w i t h  the two preliminary s t r u t s  established tha t  the decelera- 
t i o n  prof i le  of an energy-absorbing event could be controlled by appropriate 
design of the o r i f i ce  and the b i l l e t  cross section. 
nose and drilled-through b i l l e t s  suggested the f e a s i b i l i t y  of a shock s t a t  
capable of prodnaing the idea l  deceleration profile.  

I n i t i a l  work w i t h  bored- 

The developmental data provided the basis f o r  the design of an extru- 
s ion  energy-absorbing syetem offering effectiveness i n  meeting a var ie ty  
of 8nd-use requirements. Specific design features  determined from these 
data are summarized below. 

Orifioe Ring Entry Angle, - On the basis of the deoeleration prof i le  
developed and the s t ruc tura l  requirements f o r  or3fice rings during multiple 
use, a 90-degree included angle was chosen. 
su i tab le  f e r  single-use si tuations where d is tor t ion  of the ring w o u l d  be 
inoonsequentfal, or i n  cases where longer or i f ice  ring throat depth might be 
used. 

A 60-degree angle was considered 

B i l l e t  Material. - Of  the materiala investigated, annealed 1100-0 alumi- 
num was the preferred b i l l e t  material on the basis  of abaorption eff ic iency 
and general workability. 



B i l l e t  Cross Section, - Tests enabled speculation tha t  a cylindrical  
b i l l e t  with an axial  central  hole extending thmugh the en t i re  length would 
be the most effective b i l l e t  shape, w i t h  control of' peak and mean decelera- 
t ion  levels  being obtainable by selection of the hole diameter, Additional 
control of the deceleration profile was deemed possible by varying the hole 
diameter along the length sf' the b i l l e t ,  

B i l l e t  Length (Ram Travel) - I n  a l l  cams observed, the ram t rave l  
f e l l  withi n the range of from 2' t o  b inches, and the b i l l e t  length can be 
adjusted aaaordingly. 

Container Wall Thickness, - Steel  tubing wi th  w a l l  thickness i n  the 
range of 0.20 t Q 0.25 i aach was seleeted through observation of st resses  
developed during impact, T.%eoretfcally t h i s  thfckness could be reduced 
t o  the order of 0.06 inch and s t i l l  carry the s t resses  developed i n  the 
w a l l ,  but f o r  experimental purposes a saf'ety fae tor  was provided. 



EXPERDENTAL INTESTIGATION 

The t h i r d  shock s t r u t  design (Tables I and 11) was based on information 
developed from measurements with the preliminary struts, 
such design parameters a s  b i l l e t  geometry, metallurgical properties of b i l l e t s ,  
and die area r a t i o  were undertaken, as  well as studies of the e f fec ts  of load 
weight, drop height, impact angle, and s o f t  contact surface. 

consideration of 

The experiments performed w i t h  this s t r u t  are deseribed i n  a sequence 
Tables V through which i l l u s t r a t e s  the overall  performance of the system, 

V I 1  record the drop conditions and evaluation data f o r  these experiments. 

Evaluation Methods 

A s  previously described, the performance of the shock s t r u t  was eval- 
uated by two use c r i t e r i a :  
efficiency. Data f o r  a l l  the experiments w i t h  t h i s  strut were obtained by 
use of the nPiesotmnll accelerometer, and energy balance was verified i n  a 
manner analogous t o  tha t  developed for the graphically derived data. 

deceleration profile and energy absorption 

I n  t e s t s  wi th  aluminum b i l l e t s  bared w i t h  a S/8-inch central  hole, 
typical  terminal veloci t ies  obtained from integrated areas under the decel- 
erat ion oscillogram were compared w i t h  thearet ical  fpee-f a l l  terminal ve- 
l oc i t i e s .  
planimeter. The data are tabulated i n  Table V I I I .  

The areas under the oscillogram curve were determined w i t h  a 

The generally favorable correspondence between theoretical  and plani- 

Differences between these values are a t t r ibutable  
metrically determined terminal velocit ies confirmed the va l id i ty  of the 
accelerometer readings. 
t o  f r i c t i o n a l  e f fec ts  i n  the drop system and t o  reading er rorso  

Comparison of the deceleration curves determined by the accelerometer 
and by graphical means, shown i n  Figure 26, indicates cer ta in  s imi la r i t i es  
and cer ta in  differences. 
t i o n  process i s  essent ia l ly  the same f o r  both the graphically and the accel- 
erometrically determined curvesa 
t i o n  are similar, but the impact sections of the curves differ .  The record 
of the accelerometer shows tha t  the true peak deceleration leads the graph- 
i c a l l y  determined value due t o  the  instantaneous response of the accelerom- 
e te r .  
superimposed on the accelerometrie curve, 

For example, the dluratfon of the energy absorp- 

The average magnitudes of the decelera- 

Figure 27 shows the gralshieally-determisned curve f o r  a 5-foot drop 

Superimposed high-f requency vibrations evident on the oscillogram during 
the en t i r e  deceleration event are  probably the resu l t  of Chladni-type ringing 
of drop system components; the frequency of these vibrations was approximately 
2500 cps. 
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Table V I  

DROPS USIN0 D I E  ARBA RATIO OF 1.23:l 

Material: 1100-0 Aluminum 

B i l l e t  
Test ID 
No. (in.) 
81 Solid 
- 
82 Solid 

83 Solid 

84 Solid 

95 0.6250 

96 0.6250 

140 0.750 

133 0.8750 

139 1.00 

B i l l e t  Drop Impact Length Energy Mode 
Height Energy Extruded Absorption Deoeleration 

(d (in. Are!! ) ( f t )  (f t- lb) (in.) (f_t-Wlb) 

1.00 5 1350 0.968 14,280 30 

1.00 5 1350 30 

1.00 5 1350 50 

1.00 10 2 700 1.468 18,800 

0.688 10 2700 1.437 21,850 

0.688 15 4050 1.906 27,800 

0.588 10 2700 1.938 25 , 700 
0.398 i o  2 700 2.328 30,900 54 
0.215 5 1350 3.875 16,000 
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Table VI11 

ACCELEROMETER DATA TTERIFICATPON 

Terminal Velocity (ft /see) 
Determined f rom 

Drap Height Area Under Theoretical - No e (ft) Oscillogram Free -Fall 

Drop 

120 5 18,2 1709 

138 10 23,8 % O b  

116 20 350 9 

b7 



Material Extruded: 1100-0 Aluminum 
Orifice : 90' (included) 
Extrusion Ratio: 1.50 
B i l l e t  Nose Configuration: Solid 
Temperature During Drop : 76OF 
Drop Height: 5 f ee t  

A .  Accelerometric Curve 

Time - Msec 

B .  Graphically Derived Curve 

Figure 26 

DECELERATION PROFILES: COMPARISON OF A C Q U I S I T I O N  METHODS, STRUT DESIGN NO. 3 
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GRAPHICALLY DETERMINED CURVE SUPERIMPOSED ON 
ACCELEROMETRIC CURVE: STRUT DESIGN NO. 3 
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In eer ta in  of the profilee, a aupve reversal  effect  was noted near on- 
set; t h i s  is probably at t r ibutable  t o  flexure of the base plate t o  which the 
aaaeler~naeter was attaahed. 
(d low-energy drops where the restoring f m o e  d the base plate  and of am-  
p-nts meehaniaally aanneoted t o  the base plate may be suf f ic ien t  t o  aause 
the aaaelerometer to  sene8 a reversal  of the dfreotfon of motion. 

This anomaly i s  evident paptiaularly in the case 

Evaluation i n  terms of energy absorption efficienay was by calaulation 
from impaat energy and wefght of extruded material f o r  eaeh drop, i n  the 
m a n n e r  described i n  the Introduction. 

Investigation of Design Effests  

The performance aharacter is t ios  af' greateat aignFPioanoe were found t o  
be influenmd largely by the design af" t h e  b f l l e t  and die. 

B i l l e t  Cross Seation. - Using 1100-0 annealed aluminum bi l le ts  and a 
die area r a t i o  of 1 ,50:1, a ser ies  of drops waa made t 0  establ ish the effeots  
of b i l l e t  a ros i  section OB deseleration praf'ile and energy absorption effi-  
aienay. 
four  annular b i l l e t  shapes, having respeative inner diameters of 5/8 ineh, 
3/4 inah, 7/8 lnah, and 1 inah. 

Experiments were performed w i t h  so l id  a i rodlar  b i l le t s  and with 

Deaeleratien p P d i l e s  and energy absorption values f o r  10-foot drape 
With the s s l i d  b i l l e t ,  the b i l l e t  of 5/8-inch bore, and the b i l l e t  of 1-inah 
bore are presented f a r  aomparison i n  Figures 28, 29,  and 30. 
additional drop-teste a t  varging heights are ehown in Figures A-1 t o  A-6, 

Data from 

Appendix A. 

No pmnonnoed onset spikes am evident i n  the three lO-foot drop reoords 
shewn, and no terminal spikes were evident. 
deaeleration anset was re la t ive ly  sharp, whereas by aontrast, the b i l l e t  af 
5/8-inah bore produeed a mom gradual onset t o  the same g-level. 
aan be at t r ibuted t o  the al tered geometry. 
Figare A-7 whioh, although not depfoting the termination of the event, shows 
the o m e t  rate of approximately 3500 g ' s  per seoond. 

5/8-imh bore were virtually ident i sa l  a t  a 65-g level .  A s l i gh t ly  longer 
duration of t h e  extrusion event w i l l  be noted for the bored b i l le t .  
30-g deaeleration mode shown for the b i l l e t  tS 1-inoh bore i l l u s t r a t e s  the 
oapabl l i t ler  of t h e  large-bore b i l l e t  i n  reducing mode g-level. 

I n  the test w i t h  the solid bil le t ,  

This effeat  
Attention is also direated t o  

The deaeleration modes reeorded for the s d i d  b i l l e t  and the b i l l e t  of 

The 

The bored b i l l e t s  produeed from 30 t o  50 persent greater  length af a- 
traded b i l l e t  material, but less mass ot" exemdate, 
effielenoy value was thus hlghep for the bored b i l l e t s ,  

The ensrgy ablrorption 



BILLET - 
Material: A 1  1100-0 

Cross Section: 

ID: 0 (Solid) 
OD: 1.128 in. 

DIE - 
Entry Area: 1 sq. in.  
Exit Area: 0.666 sq. in. 

Area Ratio: 1.50:l 

C6CILLCECOPE SETTINGS 

Sweep: 2 ms/cm Vertical Gain: .5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATIOI? PRCFILE 

Mode g-level: 65 g ' s  Duration of 

EI?ERGY ABSORPTION 

Drop Height: 10 f t  Distance of 

Load Weight: 270 lb 

Event: 12-1/2 m s  

Ram Travel: 1.408 in. 

Impact Energy: 2700 f t - l b  e = 19,700 f t - lb / lb  

Figure 28 

SHOCK STRUT PERFORMANCE 
Drop No. 103 



BILLET 

Material: Al 1100-0 

Cross Section: 

ID: 0.625 in. 
OD: 1.128 in. 

DIE - 
Entry Area: 1 sq. in. 
Exit Area: 0.666 sq. in. 
Area Ratio: 1.5011 

OSCILLOSCOPE SETTINGS 

Sweep: 2 ms/cm Vertical Gain: .5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION PROFILE 

Mode g-level: 65 g ' E Duration of Event: l3-l/2 m s  

ENERGY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 1.683 in. 

Load Weight: 270 l b  

Impact Energy: 2700 f t - l b  e - 25,700 f t- lb/lb 

Figure 29 

SHOCK STRUT PERFORMANCE 

Drop No. 111 



BILLET - 

OSCILLOSCOPE SETTINGS 

Sweep: 2 ms/cm Vertical  (lain: 15 v/cm 

Accelerometer Seneitivity:  10 mv/g 

DECELERATION PRCFILE 
~ 

Mode g-level: 25 g ' s  Duration of Event: Indeterminate ms 

ENERGY ABSORPTION 

Drop Height: 10 f t  Distance of Ram "ravel: 5.374 in. 

Load Weight: 270 l b  

Impact Energy: 2700 f t - lb  e = 28,800 f t - lb / lb  

Figure 30 

SHOCK STRUT PERFORMANCE 
Drop No. 137 

53 



I n  summary, the e f fec ts  of al tered geometry were shown i n  reduced onset 
shoak, longer duration of t h e  event, and increased energy absorption effi- 
c i e nc y 

In  the oase of the 1100-0 aluminum a l l ay  b i l l e t  material, the pract ical  
l i m i t s  af b i l l e t  bore-diameter were indicated by t e s t s  w i t h  the 1-imh bore. 
Upon examination of the b i l l e t  a f te r  impaet, s l i g h t  indentations indicative 
of incipient  buckling were noted in the unextruded portions of the b i l l e t ,  
furnishing v is ib le  evidence tha t  the l i m i t s  of wall strength were being 
reaahed w i t h  t h i s  b i l l e t  design and material, 

B i l l e t  Metallurgical Properties, - The mdopity of tests employed 
annealed 1100 -0 aluminum (yield strength 85001 psi, Rockwell 20 Superficial  
15-T hardness) as t h e  b i l l e t  material. Expeflmentation w i t h  t h i s  re la-  
t ively so f t  alloy was dictated by i t s  observed oapabi l i t ies  f o r  elimination 
of onset and tenninal spikes and f o r  reducing mode g-levels, The indica- 
t ions of the foregoing geometry studies, however, par t icular ly  those from 
tests with large-bore b i l l e t s ,  were projected i n t o  a fur ther  materials in- 
vestigation, 

Commercially available as-received 6 0 6 ~ ~ 6  aluminum al loy tubing 
(l-1/8-inch OD, 0.058-inch wall thickness, and l-inch ID)  was employed as  
a b i l l e t  precisely simulating the geometrical character is t ics  of the 1-inch 
b i l l e  t-bore previously tested with the 1100-0 alloy, but possessing differ- 
ing metallurgical properties, i , e . ,  y ie ld  strength af approximately 40,000 
ps i  and Rockwell 81 Superficial  15-T meamremento A hollow b i l l e t  of t h i s  
composition offered the observed advantages of thin-wall geometry while 
posseesing greater wall strength. 
of 10 and 15 f e e t  are shown i n  Figures 31 and 32, 

Results of hollow b i l l e t  drops a t  heights 

These drop t ee t s  maulted i n  the highest energy absorption effiuiency 
ratings recorded ( i n  excess af 80,000 f t - lb/ lb)  , wi th  the corresponding mode 
g-levels remaining substantially below 100 g u s .  
several times higher than those obtainable by al ternat ive absorption systems 
/r, 7. 
The Pnterpretation of the  resul ts ,  the more-than-doubled efficiency r i s e  i n  
these drops was obviously at t r ibutable  t o  the higher y ie ld  strength and 
hardness of the 6 0 6 ~ ~ 6  material. The r e l a t ive  roles  of the lat ter faotors  
were inde termiqate e 

These eff ic iencies  were 

Although the geometrical fac tor  must be appropriately weighed i n  

I n  a fur ther  test, the same 6 0 6 ~ ~ 6  alumixnum al loy tubing was solution 
heat-treated to  8 different  temper, f o e 0 ,  y i e l d  strength approximately 
20,000 ps i  and hardness meascnrement of a-65 by Rockwell Supepffcial 15-T 
soale. A drop using th i s  hollow b i l l e t  yielded the data  pmsented i n  
Figure 33. By comparison w i t h  the as-received hollow b i l l e t  resul ts ,  this 
t e s t  demonstrated the e f fec t  of the reduetion of y ie ld  strength and hardness. 
Note the lowered deceleration mode of the drop as  well as the aorresponding 
reduction i n  energy absorption efficiency. 
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BILLET - 

OSCILLOSCOPE SETTINGS 

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

Cross Section: 

ID: 1.009 in. 
m: 1.125 in. 

D I E  - 
Entry Area: 1 sq. in. 
Exit Area: 0.666 sq. in. 
Area Ratio: 1.sO:l 

DECELERATION PRCFILE 

Mode g-level: 58 g ' s  Duration of Event: 16.5 m s  

ENERGY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 2.0 in. 

Load Weight: 270 l b  

Impact Energy: 2700 f t - l b  e = 68,000 f t - lb / lb  

Figure 31 

SHOCK STRUT PERFORMANCE 
Drop No. 151 
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BILLET 

O S C ~ O S C O P E  SETTINOS 

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Senaitivity:  10 mv/g 

DECELERATION PRCFILE 

Material: Al 6061-T6 

Cross Section: 
ID: 1.009 
OD: 1.125 

D I E  

Entry Area: 1 sq. i n  
Exit Area: 0.666 sq. 
Area Ratio: 1 . 5 O : l  

Mode g-level: 61 g ' s  Duration of Event: 16 ms 

ENERGY ABSORPTION 

Drop Height: 15 f t  Distance of Ram Travel: 2.3750 in. 

Load Weight: 270 l b  

Impact Energy: 4050 f t - l b  e = 86,750 f t - l b / l b  

Figure 32 

SHOCK STRUT PERF@U"CE 

Drop No. 153 

. 
in .  



BILLET 

Material: A 1  6061 Solution 

- 
Treated 

OSCILLOSCOPE SETTINGS 

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

Crose Section: 
ID: 1.009 in. 
OD: 1.125 in .  

D I E  - 
Entry Area: 1 aq. in. 
Exit Area: 0.666 aq. in. 
Area Ratio: 1.50:l 

DECELERATIm PRQVLE 

Mode g-level: 37 g ' s  Duration of Event: 2 1  ma 

EmERGY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 2.85 in. 

Load Weight: 270 lb 

Impact Energy: 2700 ft-lb e = 48,200 ft-lb/lb 

SHOCK STRUT PEXFOFIMNCE 

Drop No. 158 
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To investigate the e f f e c t  of within-bi l le t  var ia t ion of metallurgical 
properties, compound b i l l e t s  were designed t o  provtde rad ia l  var ia t ion and 
axial var ia t ion of metallurgical properties a 

For t h e  radial ly  varied compound b i l l e t ,  a titanium* tube of 3/4-inch 
OD and 0.035-inch wall thickness was inser ted i n t o  an 1100-0 aluminum b i l l e t  
of 3/4-inch central  bore. Because of titanium's high-strength low-weight 
characteristics, it was postulated tha t  a beneficial  e f f e c t  on energy ab- 
sorption might r e su l t  from radia l ly  compounding titanium with aluminum. 
deceleration prof i le  obtained from a drop with t h i s  b i l l e t  design i s  shown 
i n  Figure 34. By comparison w i t h  drops using all-aluminum b i l l e t s  of s i m i -  
l a r  bore, no s ignif icant  e f fec ts  of the a l t e r a t ion  were recorded e i t h e r  f o r  
deceleration prof i le  or energy absorption efficiency. The titanium tubing 
was found t o  be deformed by buckling, indicating t h a t  the tubing had con- 
t r ibuted i n  the absorption of t o t a l  impact energy. 

The 

For the ax ia l ly  compounded b i l l e t s ,  cyl indrical  sections of 6061-5 
aluminum, heat-treated t o  varying hardnesses, were sequentially assembled 
i n  the b i l l e t  position within the container, These sections were i n  the 
form of 1/2-inch-long annular washers with a 3/4-inch central  hole, per- 
mitting assembly of a bored-typed b i l l e t  of vaqdng hardness, To assure 
two t rans i t ions  of hardness throughotpt the expected length of ram travel ,  
the sections were heat-treated t o  produce three grades of Rockwell Super- 
f i c i a l  T-15 hardness, as follows: 
t i on  heat-treated t o  the T-4 condition; next two segments, Rockwell 76, 
pa r t i a l ly  aged a t  350°F for 1 hour; upper segment, Rockwell 81, a8 received. 
Figure 35 shows t h e  design of the graduated annular b i l l e t .  

Two bottom segments, Rockwell 58, solu- 

The resul tant  data fop a drop height of 10 f ee t ,  depicted i n  Figure 36, 

Note t h a t  the mode deceleration exceeds 100 g ' s .  
shows no observable change i n  deceleration l eve l  w i t h  change of hardnesa 
gradients of b i l l e t  material. 
Because of the high g-level, no fur ther  invest igat ion of t h i s  type b i l l e t  was 
under taken. 

Die Area Ratio, - I n  the experiments with the f i n a l  strut design, or i -  
f icea  with t wo die area r a t i o s  ( r a t i o  of area of die en t ry  t o  area of die 
ex i t )  were employed: A die w i t h  en t ry  1.128 inches i n  diameter (en t ry  area, 
1 square inch) and w i t h  e x i t  diameter of' 0,920 inch ( e x i t  area 0.666 square 
inch) effected an area r a t i o  of' 1.50n1, 
die was 1.020 inches ( ex i t  area 0.815 square inch), e f fec t ing  an area r a t i o  
of 1.23:l .  The effect  of die area r a t i o  on deceleration prof i le  and energy 
absorption efficiency was investigated i n  drop testes employing b i l l e t s  of 
both 1100-0 and 6 0 6 ~ ~ 6  aluminum alloys.  

The exi t  diameter of the second 



BILLET 

Material: 11004, w i t h  O.O3Slf 
annular titanium inaerS 

Cross Section: 
ID: (Al) 0.750 in. 
OD: 1.128 in. 

Entry Area: 1 sq. in. 
Exit Area: 0.666 sq. in.  
Area Ratio: 1.SO:l 

OSCILLOSCOPE SETTINGS 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensi t ivi ty:  10 mv/g 

DECELERATION PROFILE 

Mode g-level: 65 g 's  Duration of Arent: 12 m s  

ENEROY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 1.813 in. 

Load Weight: 270 l b  

Impact Energy: 2700 f t - l b  e = 23,500 f t - lb / lb  (Ti calculated) 
27,400 f t - lb / lb  (Only A1 calculated) 

Figure 34 

SHOCK STRUT PERFOMNCE 
Drop No. 130 
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-1.128 in.-  

Aluminum 1100-0 
Annealed 

Rockwell 1 5 T  - 81 

Rockwell 15 T - 76 

A 1  6 0 6 ~ ~ 5  

Figure 35 

DESIGN OF 6061-5 BILLET, AXIALLY GRADED FOR HARDNESS 
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BILLET - 

OSCILLOSCOPE SETTINGS 

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm 

Acce le rm t e r  Sensi t ivi ty:  10 mv/g 

Material: A1 6061 Axial Compound 

Cross Section: 

ID: 0.750 in. 
OD: 1.128 in. 

DIE - 
Entry Area: 1 sq. in. 
Exit Area: 0.666 sq. in. 
Area Ratio: 1.SO:l 

DECELERATION PRClFILE 

Mode g-level: 102  g ' s  Duration of Event: 8 ms 

ENERQY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 0.8125 in. 

Load Weight: 270 l b  

Impact Energy: 2700 f t - l b  e = 61,150 f t - lb / lb  

Figure 36 

SHOCK STRUT PERFORMANCE 

Drop No. 154 
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Drop tests were made with a 1100-0 aluminum b i l l e t  having a 5/8-inch 
bore. 
and those acquired using a die r a t i o  of 1.50:l are provided i n  Figures 37 
and 38, respectively, both of which depict 10-foot drops. 
these so f t  b i l l e t s ,  deceleration prof i les  a t  the two ra t ios  are not signifi& 
cantly different. 
mately 65 g ' s  and the durations of the events are a l so  comparable. 

Data obtained using an or i f ice  ring with a die area r a t i o  of 1.23:1 

With the use of 

Their mode g-levels are v i r tua l ly  ident ical  a t  approxi- 

6 0 6 ~ ~ 6  Aluminum Alloy Holl0w Bi l le t s .  - Further die area r a t i o  com- 
pariaons were conducted using 6 0 a  -T6 aluminum alloy tubing as the b i l l e t s .  
Reaulta of 10-foot drop t e s t s  a t  the two r a t io s  are shown i n  Figures 39 and 
40. 
num b i l l e t  material, die area r a t i o  exerted a s ignif icant  influence on de- 
c e lerat ion profile when the hard, high-yield hollow b i l l e t  was employed. 
The 1.23:l r a t i o  effected a mode g-level of 30 g ' s  as  opposed t o  a 58-g 
leve l  f o r  the 1.50:l ra t io ,  and the duration of the event was considerably 
longer i n  the t e s t  of the l.23:l or i f ice  ring, 
i s  a l so  shown t o  be affected by the die area ra t io ,  a substant ia l ly  higher 
absorption value being recorded f o r  the 1.50:l ra t io .  

drop heights are presented i n  Figure8 41 and 42, w i t h  the resul t8  evidencing 
consiatency, i n  a l l  respects discussed above, w i t h  those recorded f o r  the 
10-f oat drop heights. 

Contrary t o  the resul ts  shown f o r  the sof ter ,  lower-yield 1100-0 alumi- 

Energy absorption efficiency 

Results of die area r a t i o  t e s t s  under the same conditions but a t  15-foot 

Effect of Drop Height. - The ef fec t  of drop height on deceleration pro- 
f i l e  and energy absorption efficiency was assessed by t e s t  drops from seven 
graduated heights, using b i l l e t s  w i t h  a 5/8-inch bore and an extrusion r a t i o  
of 1.5O:l. Profiles and data on these drops are  shown i n  Figures 43 through 
49 

It is  obvious f r o m  these data tha t  the deceleration mode remains essen- 
t i a l l y  constant throughout the ser ies ,  implsfng tha t  the energy absorption 
mechanism gives r i s e  t o  constant force, independent of drop height ( t e m i n a l  
velocity). 
increase i n  drop height, and greater  heights consistently increased the 
length of the b i l l e t  extruded. 
absorption efficiency increases ala0 occurred wi th  increases i n  drop height. 

The duration of the event was consistently extended wi th  each 

Calculations indicate tha t  s l i g h t  energy 

Effect of Load Weight. - To assess the e f f e c t  of l o a d  weight, the 
270-poundu load routinely used waa increased t o  provide a t o t a l  load weight 
of 445 pounds, or a weight increase of approximately 64 percent. A lO-fOot 
drop was then made using a 6 0 6 ~ ~ 6  aluminum a l loy  b i l l e t  with 1-inch inside 
diameter. 
data from a drop a t  the same conditions but using a normal 270-pound load 
are  presented i n  Figure 51. 

The resul ts  of t h i s  drop are  shown i n  Figure 50. For comparison, 

U Actual load, 274 pounds 4 ounces, designated 270 pounds t o  allow f o r  f r i c -  
t ional  losses  i n  the system, 
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BILLET 

OSCILLQSCOPE SETTINGS 

Sweep: 5 ms/cm Vertical  Gain: 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION PRQFILE 

Mode g-level: 65 g ' s  Duration of Event: 15 m s  

ENERGY ABS CR PTION 

Drop Height: 10 f t  

Load Weight: 270 lb 

Impact Energy: 2700 f t - l b  

Figure 37 

SHOCK STRUT PERFCRMANCE 

Drop No. 143 



OSCILLC1SCOPE SETTINGS 

Sweep: 2 ms/cm Vertical minr 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION PROFILE 

Mode g-level: 65 

Drop Height: 10 f t  

Load Weight: 270 l b  

g ' s  Duration of Event: 14 ma 

ENERGY ABSORPTION 

Distance of Ram Travel: 2.97 in .  

Impact Energy: 2700 f t - l b  e = 25,000 f t - lb/ lb  

Figure 38 

SHOCK STRUT PERFORMANCE 
Drop No. 111 
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BILLET 

Material: A1 6 0 6 ~ ~ 6  

I I 

CBC ILL C6COPE SETTINGS 

Sweep: 5 ms/cm Vertical  Gain: 0.5 v/cm 

Accelerometer Sensi t ivi ty:  10 mv/g 

DECJ3LERATION PRWILE 

Cross Section: 
ID: 1.009 in. 
OD: 1.125 in. 

D I E  - 
Entry Area: 1 sq. in .  
Exit Area: 0.815 sq. in .  
Area Ratio: l.23:l 

Mode g-level: 30 g ' s  Duration of Event: 28  m s  

ENERGY ABSORPTION 
~~ 

Drop Height: 10 f t  Distance of 

Load Weight: 270 l b  

Ram Travel: 3.4375 i n .  

Impact Energy: 2700 f t - l b  e = 39,900 f t - lb / lb  

Figure 39 

SHOCK STRUT PERFOFMANCE 

Drop No. 150 



CE C ILL OSC OPE SETTINS 

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

Material: A 1  6 0 6 ~ ~ 6  

Cross Section: 
ID: 1.009 in. 
OD: 1.125 in. 

D I E  - 
Entry Area: 1 sq. in.  

Exit Area: 0.666 sq. in. 

Area Ratio: 1 . 5 0 ~ 1  

DECELERATION PROFILE 

Mode g-level: 58 g ' s  Duration of Event: 16.5 m s  

ENEROY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 2.0 in. 

Load Weight: 270 l b  

Impact Energy: 2700 f t - l b  e = 68,000 f t - l b / lb  

Figure 40 

SHOCK STRUT PERFORMANCE 

Drop No. 151 
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BILLET - 

i I  

OSCILLOSCOPE SETTINGS 
~ 

Sweep: 5 mdcm Vertical Gain: 0.5 v/cm 

Material: A1 6061-~6 

Cross Section: 
ID: 1.009 in. 
OD: 1.125 in. 

DIE - 
Entry Area: 1 sq. in. 
Exit Area: 0.815 sq. in. 
Area Ratio: l.23:l 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION PROFILE 

Mode g-level: 30 g ' s  Duration of Event: 31 m s  

ENERGY ABSORPTION 

Drop Height: 15 f t  Distance of Ram Travel: 4.50 in.  

Load Weight: 270 lb 

Impact Energy: 4050 f t - l b  e = 45,750 f t - lb/ lb  

Figure 41 

SHOCK STRUT PERFORMANCE 

Drop No. 152  
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Material: A 1  6061 

Cross Section: 

ID! 1.009 
0: 1.125 

DIE - 
Entry Area: 1 sq. 
=it Areat 0.666 
Area Ratio: 1.50: 

OSCILLOSCOPE SETTINGS 

Sweep: 5 ma/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION PRO? ILE 

Mode g-level: 61 g ' s  Duration of Event: 16 m s  

ENERGY ABSORPTION 

Drop Height: 15 f t  Distance of Ram Travel: 2.375 in. 

Load Weight: 270 l b  

Impact Energy: 4050 f t - l b  e = 86,750 f t - lb/ lb  

Figure 42 

SHOCK STRDT PERFORMANCE 
Drop No. 153 
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BILLET 

Material: A 1  1100-0 

OSCILLOSCOPE SETTINCIS 
~ _ _ _  

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Acceleruneter Sensit ivity:  10 mv/g 

DECELEXATION PRCFILE 

Cross Section: 
ID: 0.625 in. 
0: 1.128 in. 

Entry Area: 1 sq. in.  
Exit Area: 0.666 sq. in. 
Area Ratio: 1.50:l 

Mode g-level: 50 g 's  Duration of Event: 11 m s  

ENERGY ABSORPTION 

Drop Height: 5 f t  Distance of Ram Travel: 1.0 in.  

Load Weight: 270 l b  

Impact Energy: 1350 f t - l b  e = 21,000 f t - lb / lb  

Figure 43 

SHOCK STRUT PERFORMANCE 
Drop No. 110 
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OSCILLOSCOPE SETTINGS 

BILLET - 
Material: A 1  1100 

Cross Section: 
ID: 0.625 i n  
OD: 1.128 i n  

Entry Area: 1 sq. 
Exit  Area: 0.466 
Area Ratio: 1.50: 

-0 

.. .. 

i n  
sq 
1 

. 
in.  

~ ~~~ ~ 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensi t ivi ty:  10 mv/g 

DECELERATION PRQFILE 
~~ ~ 

Mode g-level: 65 g ' s  Duration of Event: l 3 - l / 2  m s  

ENERGY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 2.97 in .  

Load Weight: 270 l b  

Impact Energy: 2700 f t - l b  e - 25,000 f t - lb / lb  

SHOCK STRUT PERFORMANCE 
Drop No. 111 
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OSCILLOSCOPE SETTINGS 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensi t ivi ty:  10 mv/g 

DECELERATION PRCFILE 

Material : 

Cross Sec 
ID: 
OD : 

Entry Are 
E x i t  Area 

Area Rati 

BILLET 

A 1  1100-0 

- 
tion: 
0.625 in. 
1.128 in. 

DIE - 
a: 1 sq. in. 
.: 0.666 sq. in. 
.o: 1.50:l 

_ _ ~ ~  ~ - 

Mode g-level: 65 g ' s  Duration of Event: 15 m8 

ENERGY ABSORPTION 

Drop Height: 15 f t  Distance of Ram Travel: 2.1875 in.  

Load Weight: 270 lb 

Impact Energy: 4050 ft-lb e = 28,000 f t - lb / lb  

Figure 45 

SHOCK STRUT PERFORMANCE 

Drop No. 113 
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c 

OSCILLOSCOPE SETTING3 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION PRCFILE 

Mode g-level: 65 g ' s  Duration of Event: 16 ms 

ENERGY ABSORPTION 

Drop Height: 17.5 f t  Distance of Ram Travel: 2.5625 in. 

Load Weight: 270 lb 

Impact Energy: 4725 f t - l b  e - 28,700 f t - lb / lb  

Figure 46 

SHOCK STRUT PERFORMANCE 

Drop No. 114 
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OSCILL(XC0PE SETTING3 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION PRCIFILE 

BILLET - 
Material: A1 11004 

Crosa Section: 

ID: 0.625 in. 
OD: 1.128 in. 

D I E  - 
Entry Area: 1 sq. in. 
Exit Area: 0.666 sq. 
Area Ratio: 1.SO:l 

Mode g-level: 65 g ' s  Duration of Event: 1 7  m s  

ENERGY ABSORPTION 

Distance of Ram Travel: 2.781 in. Drop Height: 20 f t  

Load Weight: 270 l b  

Impact Energy: 5400 f t - l b  e = 29,500 f t - lb / lb  

Figure 47 

SHOCK STRUT PERFORMANCE 

Drop No. 116 

in .  

.. 
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OSCILLOSCOPE SETTINOS 

Sweep: 2 m d c m  Vertical Gain: 0.5 v/cm 

Accelerometer Senaitivity: 10 mv/g 

DECEXERATION PROFILE 

- BILLET 

Material: A 1  1100-0 

Cross Section: 
ID: 0.625 in.  
OD: 1.128 in. 

D I E  - 
Entry Area: 1 sq. in.  
Exit Area: 0.666 sq. in.  
Area Ratio: 1.50:l 

Mode g-level: 65 g's Duration of Event: 1 7  ms 

ENERGY ABSORPTION 

Drop Height: 22.5 f t  Distance of 

Load Weight : 270 l b  

Ram Travel: 2.9675 in. 

Impact Energy: 6075 f t - l b  e - 33,000 f t - lb / lb  

Figure 48 

SHOCK STRUT PERFORMANCE 
Drop No. 117 

74 

.. 



OSCILLOSCOPE SETTINGS 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensi t ivi ty:  10 mv/g 

DECELERATION PRCFILE 

Mode g-level: 65 g ' s  Duration of Event: 18 ms 

ENERGY ABSORPTION 

Drop Height: 25 f t  Distance of Ram Travel: 3.1875 in. 

Load Weight: 270 l b  

Impact Energy:  6750 f t - l b  e = 31,400 f t - lb / lb  

SHOCK STRUT PERFORMANCE 
Drop No. 119 
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OSCILLOSCOPE SETTINClS 

BILLET - 
Material: A 1  6061-s 

Cross Section: 

ID: 1.009 in.  
OD: 1.125 in. 

DIE - 
Entry Area: 1 aq. in. 
Exi t  Area: 0.666 sq. in. 
Area Ratio: 1.5011 

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm (Negative Polarity) 

Accelerometer Sensit ivity:  10 mv/g 

DECEXERATION PROF'ILE 

Mode g-level: 39.5 g ' s  Duration of Event: 23 ma 

ENERGY ABSORPTION 

Drop Height: 10 f t  Distance of R a m  Travel: 3.25 in .  

Load Weight: 4.45 l b  

Impact Energy: 4450 f t - l b  e = 70,250 i t - lb/ lb  

Figure 50 

SHOCK STRUT PERFORMANCE 

Drop No. 163 
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BILLET 

OSCILLOSCOPE SETTING3 

Sweep: 5 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION F'RWILE 

Material: A1 606146 

Cross Section: 

ID: 1.009 in. 
OD: 1.125 in. 

DIE 

Entry Area: 1 sq. in. 
Exit Area: 0.666 sq. in. 
Area Ratio: 1.5O:l 

Mode g-level: 58 g ' s  Duration of Event: 16.5 m s  

ENERGY ABSORPTION 

Drop Height: 10 f t  Distance af Ram Travel: 2.0 in.  

Load Weight: 270 l b  

Impact Energy: 2700 ft-lb e = 68,000 f t - lb / lb  

Figure 51 

SHOCK STRUT PERFORMANCE 
Drop No. 151 

77 



The distance of ram t rave l  f o r  the heavier load exceeded tha t  f o r  the 
l i g h t e r  load by approximately 62 percent, and a 39 percent longer duration 
of the event was recorded. A comparison of the deceleration prof i les  indi- 
cates t ha t  the heavier weight reduced the mode by approximately 31 percent. 
This ef fec t  i s  analytically predictable from considerations of the physical 
significance of the deceleration profile.  The area under the prof i le  i s  
equitable t o  the terminal velocity of the load. Since t emina l  velocity 
from a given drop height i s  independent of magnitude of load, the area under 
the prof i le  ( o r  terminal velocity) must remain constant, regardless of load. 
As observed, the duration of the deceleration event (and the length of ram 
travel)  increaeed w i t h  increase i n  load. 
longer duration events must be lower than those of shorter duration events 
t o  produce equivalent prof i le  areas. 

Thus the mode g-levels f o r  the 

I n  the cases i l lus t ra ted ,  planimetric measurements of the areas under 
the prof i les  indicated a terminal velocity of 25.5 f t / sec  f o r  Figure 50 
and 26.0 f t /sec f o r  Figure 51. These values are  within the l i m i t s  of ex- 
perimental and reading er ror  w i t h  respect t o  each other and t o  the free-  
f a l l  velocity from 10 f e e t  of 25.1 f e e t  per second. 

It was also observed tha t  the velocity of load descent a f t e r  impact 
( i .e .  extrusion velocity) increased w i t h  increase i n  load. For the 270- 
pound load (Figure 51) t h i s  extrusion velocity was 0.125 inch per m i l l i -  
second, while for the 445-pound load the extrusion veloci ty  increased 
approximately 13 percent t o  0.141 inch per millisecond. The decrease of 
extrusion force (mcde g-level) w i t h  increase i n  load (and increase i n  extru- 
sion velocity) may be a t t r ibu tab le  t o  the f a c t  t ha t  recovery from work 
hardening i s  a ra te  process*. 
the yield strength t o  i n  turn influence extrusion force. 

Thus, the extrusion velocity may influence 

Obli ue I m  act. - Shock strut performance during oblique impact was 
evalua e -Ga%-beT y ropp ng the apparatus onto a contact plate  s e t  a t  an angle o f '  
approximately 13 degrees from the perpendicular t o  the l i n e  of descent. 
Severe bending of t h e  shock s t r u t  aesembly resulted from the drop, as  shown 
i n  Figure 52. 
ing occurred., 
inverse extrusion system, perpendicular delivery of impact force i s  8888'21- 
t i a l .  

kttrusion was negligible, and absorption by deformation bend- 
It thus appears t h a t  f o r  the shock s t r u t  t o  function as an 

Soft  Contact Surface. - The ef fec t  of s o f t  contact surface was eval- 
uated by dropping the s t r u t  i n t o  4 inches of moist sand. The resul tant  
deceleration- profile is  shown i n  Figure 53. The deceleration mode leve l  
of 65 g ' s  i s  the  aame as tha t  observed f o r  impacts of the same system on 
hard surfaces, and the duration of the event a l so  was not s ign i f icant ly  
changed. 

* Pearson and Parkins, op. c i t .  
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Figure 52  

BENDING aF SHOCK STRUT AS RESDLT QF OBLIQUE IMPACT TEST 
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BILLET 

Material: A 1  1100-0 

Cross Section: 1 ID: 0.625 in. 

Entry Area: 1 sq .  in .  
Exit Area: 0.666 s q .  in.  I 

Os CILL OS C OPE SE TTINCnS 

Sweep: 5 ms/cm Vertical. &in: 0.5 v/cm 

Accelerometer Sens i t iv i ty :  10 mv/g 

DECELEMTION F'RCFILE 
~ 

Mode g-level: 65 g ' s  Duration of Event: 15 m s  

ENERGY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 1.603 in .  

Load Weight: 270 l b  

Impact Energy: 2700 f t - l b  e = 24,400 f t - l b / l b  

SHOCK STRUT PERFORMANCE 
Drop No. 138 
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System Design C om ide r ations 

I :  

.. 

Perf ormanee data from experiments wi th  t h e  third-design s t r u t  permit ted 
fur ther  evaluations of overall shock s t r u t  design. 

hraluation of Extrueion Factor. - The mode deceleration l eve l  developed 
on impact was indicated through them experiments t o  be a f’unction of extm- 
s ion system design and load, independent of terminal velocity. Represents- 
t ive  values of the fac tor  were calculated for constant load by the follanlng 
equations: 

F = F ’ * PA l n  A1A2 8500 x 1 x 4050 

where Y 8500 ps i  
270 l b  

m = I g  
2 A1 = 1.00 in. 

A2 = .663 i n O 2  

A1/4 1.5 

Ln = A1/A2 = 0,4050. 

The following table  indicates var ia t ion 
t i o n  i n  b i l l e t  bore diameter. 

F 
m -  

3440 

of extrusion fac tor  with varia- 

Table I X  

EXTRWIUR FACTOR VARIATION WITH BILLET QECNF,TRY 
A1/A2 = 1.50 
1100-0 Aluminum 
Load Weight: 270 lbs 

Average Extrusion 
Test B i l l e t  Mode Force Factor, 
_I No. Description Deceleration (ma) pl 
113 5/8-inch bore 65 1 7  550 5.12 
129 7/8-inch bore 50 13 500 3.92 
137 l-inch born 25 6,750 1.96 



The variations noted i n  the value of Gf negates the poss ib i l i ty  of 
deriving an extrusion fac tor  which i s  universally applicable i n  the design 
of s t r u t s  t o  meet varied use conditions. 

Length of Ram Travel. - I n  designing a shock s t r u t  t o  meet par t icular  
landing requirements, the deceleration praf i le  w i l l  be controlled most d i -  
reot ly  by b i l l e t  cross-sectional shape and b i l l e t  metallurgical properties; 
thus f o r  a specified b i l l e t  oonfiguration and material condition, the d i s -  
tance of ram travel w i l l  be determined by impact energy. 
b i l l e t  required under any specified s e t  of conditions may be predicted by 
equating the impact energy t o  the work performed by the ram travel,  as 
follows : 

The length of 

Using data from the test  drops it was found tha t  the actual length, 2, 
is generally i n  good~agreement w i t h  t h i s  equation, For example, i n  employ- 
ing the 6061-T6 hol&okilbl&let wi th  the 1.5O:l die, a 270-pound load, and a t  
a 15-foot drop height (Figure 32), the mode deceleration i s  approximately 
65 g ' s  a d  the theoretical  length of ram t rave l  1 is: 

The aatual observed ram travel  was 2.38 inches. The small difference 
between theoretical  and observed ram t rave l  may be at t r ibutable  t o  f r i c t i o n a l  
losses and t o  absorption of energy during onset and during terminal portions 
of the  deceleration event while the deceleration level was changing w i t h  
time. 

Container Thickness. - Since b i l l e t  metallurgical properties and cross- 
aeational geometry par t ic ipate  i n  the control of deceleration leve ls  and 
consequently the forces developed i n  the system, the minimum thickness of 
the b i l l e t  container a l so  becomes a function of the b i l l e t .  

A drop of a 270-pound load f r o m  20 f e e t  w i t h  a s t r u t  incorporating 8 
1100-0 aluminum b i l l e t  of 3/4-inch bore produced a measured hoop (circum- 
f e ren t i a l )  s t r a in  of 0.001 inch. 

The minimum oontainer-wall thickness needed t o  carry the s t r e s s  developed 
i n  the aontalner wall may be calculated as follows: 

The aorrespondi observed stress i s  then 
29,000 psi, assuming a Young's modulus of 2 9  x 10 F p s i  f o r  the 4340 s tee l .  

(1) The equivalent internal  pressure i s  determined using a thick- 

Thus the 
walled aylinder formula, since the dimensions of the present container 
(wd-1-thiokness, 0.181 OD, 1.132) place it i n  tha t  category. 
equivalent pmasure, &, 
4 Roark, Raymond J., Formulas f o r  Stress and Strain, Mcoraw H i l l ,  Inc., 

New York, 19%. 
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, 
where = obeerved hoop streea 

= 

r2 = 

inner radius af b i l l e t  container (0.565 in?) 
outer radius of b i l l e t  container (0.753 in.) 

rl 

I n  the case a t  hand, p = 23,100 psi. 

(2) This equivalent internal. pressure may then be used i n  a thin- 
wal led cylinder formula t o  determine the minimum wall thickness capable 
of aarrying the pressure. Assuming tha t  the s t e e l  used has an ultimate 
tensile strength UTS = 225,000 pei (as i a  at tainable with 4340 steel), 
the minimum wall thickness t i s  

or, i n  t h e  case a t  hand, t = 0.064 inah. 

S tem Wei h t ,  - From tkie two foregoing considerations, i.e., length of 
ram trave * an t container thicknees, the minimum shook strut system- 
weight per length of b i l l e t  required can be determined. 

For effective performance ( t o  prevent cocking of the ram i n  the oon- 
tainer,  and t o  prevent bottoming of the ram) the container length should 
be apprcuimately 40 percent greater than tha t  of the b i l le t ;  the length 
of the  ram should be about 10 percent greater than tha t  af' the billet.* 

Thus, the d o c k  s t r u t  weight per length Oi b i l l e t  required is 

W 

where A = 
P 

p1 

p2 

p3 = 

A1 = 
A2 = 

A 3  = 

= 

= R(P1 A11 + 1.40 l ( P 2  + I(P3A3) 

length of b i l l e t  required 
density of b i l l e t  material 

denaity of container material 
denaity of ram material 
cross-sectional area of b i l l e t  
crose-sectional area of container 
cross-sectional area of ram 

i+ I n  one-time-use si tuations,  the ram end cap would not be required, and it 
ie asaumed tha t  t he  adapter ring (o r  i t s  equivalent) may be fabrioated d i -  
recrtly as a par t  of the body of the load-vehicle structure. 
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A probable case, using a 6 0 6 ~ ~ 6  aluminum hollow b i l l e t  (1-inch ID, 
O.OS8-inch wall thickness) i n  a 4340 s t e e l  container (1.130-inch I D ,  0.060- 
inch wall thickness) wi th  a 4340 s t ee l  ram (1.125-inch OD and 0.095-inch 
w a l l  thickness) , would be s ta ted . 

w = l(0.0975 x 0.2020) + 1.40 d(O.2853 x 0.110) + 1.10 l(0.2853 x 0.165) 

= 1(0.0197 + 0.0438 + 0.0518) - &0.1153) pounds. 

Thus, i n  t h i s  case, the weight of the shock s t r u t  system per inch of 
b i l l e t  required is 0.1153 pounds. 
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SUMMARY AND DISCUSSION 

Constant Force 

The inverse extrusion process was selected f o r  investigation because it 
theoret ical ly  offered a system concept f o r  energy absorption a t  constant 
force levels.  
t h i s  theoret ical  position. 
impact energy was absorbed urder essent ia l ly  constant force conditions, as  
indicated by the essent ia l ly  constant mode deceleration leve ls  achieved 
throughout each event. The m a x i m u m  g-level developed on impact was observed 
t o  be independent of impact velocity and t o  vary inversely w i t h  magnitude of 
the dropping load. 
dis t r ibut ion was thus indicated. 

Experimental work conducted during the program substantiated 
Within the range of loads and drop heigEts tested, 

Process control through s t r u t  design and through load 

Major Design Effects 

The major control f o r  both deceleratfon and absorption performance of 
the system was found t o  reside i n  t h e  physical and geometrical character- 
i s t i c s  of the b i l l e t .  Die character is t ics  were also found t o  a f fec t  per- 
formance t o  an extent varying w i t h  variation i n  b i l l e t  composition and 
geometry. 

Effects on Deceleration Profileo - B i l l e t  cross-section was observed 
t o  exer t  primary control over deceleration proffle, i n  pmticular ,  over de- 
celerat ion onset ra te  and deceleration mbde level.  The mode or "plateau" 
deceleration l eve l  was varied from a maximum of approximately 65 g ' s  t o  a 
minimum approaching 20 g ' s  as  the b i l l e t  cross-sectional configuration was 
varied from sol id  c i rcu lar  t o  thin-walled annular. Deceleration onset 
r a t e  decreased i n  a similar manner, generally becoming more gradual with 
the thinner-wall annular sections. Minimum onset ra tes  of approximately 
3500 g/sec were observed. 

B i l l e t  metallurgical properties, especially hardness, were a l so  found 
t o  a f f e c t  the prof i le  and par t icular ly  the deceleration onset rate.  

Effects on Energy Absorption Efficiency. - Energy absorption efficiency 
was found t o  be influenced predominantly by b i l l e t  metallurgical properties 
(hardness and yield strength), which, in experiments employing 6061-T6 
aluminum alloy tubing as  the b i l l e t ,  wem proven mom signif icant  t o  ab- 
sorption efficiency than e i the r  die area r a t i o  or b i l l e t  geometric factors .  
I n  these experiments, energy absorption eff ic iencies  substant ia l ly  i n  excess 
of 60,000 foot-pounds per pound (based upon weight of b i l l e t  expended only) 
were readi ly  attained, appearirg to  exceed by factors  of two or  more the 
e f f ic ienc ies  of the best-known alternative systems. 



Design f o r  Use 

Inasmuch as the two performance criteria--deceleration mode leve l  and 
energy absorption efficiency--must be selected or "traded o f f '  i n  individual 
use si tuations,  t h i s  experimental wrk provides empirical data suitable f o r  
use i n  the design of shock s t r u t s  t o  meet par t icular  end-use requirements, 

Billet-Material Selection. - B i l l e t  material selection is  governed by 
considerationa of weight, yield strength, and hardness. Aluminum alloys 
were fonnd t o  adequately meet the requirements for l i g h t  weight and reasonably 
high yield strength. 
use w i l l  depend upon the deceleration prof i le  mode leve l  and energy absorp- 
t ion  effioiency desired. I n  general, high absorption eff ic iencies  may be 
attained by using harder material, but  a t  the expense of higher deceleration 
levels.  

The par t icular  a l loy and temper selected f o r  a given 

S t ru t  Desi n. - The design of a shock s t r u t  t o  meet payticular use re- 
quiremen d s uan e accomplished i f  the weight and terminal velocity of the 
landing vehicle are known and i f  the desired character is t ics  of' the decel- 
erat ion prof i le  are determinable., 

The t h i r d  experimental shock s t r u t  design of t h i s  program, u t i l i z ing  a 
thin-wall b i l l e t  (OD 1.128 inches, I D  1 inch) i s  light-weight and versa t i le  
and may be considered a reference system. 
and 55 are derived therefrom and may be applied i n  desfgning a shock strut 
f o r  par t icular  use. It should be noted tha t  additional data and additional 
graphs may be needed f o r  impact of loads other than those used herein; how- 
ever, the method employed would be similar. 

The graphs shown i n  Figures 54 

For example, if a deceleration mode of 50 g B s  may be tolerated (e.g. 
for instrument landing) and a strut is  required t o  absorb energy from the 
impact of a 400-pound load landing a t  a velocity of 40 f e e t  per second 
(kinet ic  energy a t  impact of approximately 10,000 foot-pounds). 
may be used t o  determine the b i l l e t  temper needed t o  produce the SO-g de- 
celeration mode a t  the desired weight.* 
1.50:l die area r a t i o  system may be used w i t h  b i l l e t s  of any temper and 
be within the acceptable g-level. 

Figure 54 

This graph indicates t ha t  the 

The energy absorption efficiency associated w i t h  the selected system 
m a y  be obtained from Figure 55 or from extrapolation thereof. The b i l l e t -  
length determination necessary t o  complete the stmt design may be derived 
from t h e  work energy equation. For example, since the exact mode g-level 
t o  be developed f o r  a 400-pound load i s  not determinable d i rec t ly  from 
Figure 54, the leve l  a t  445 pounds may be used. This l eve l  w i l l  be a con- 
servative estimate f o r  purposes of computing length of ram travel,  since 

* This graph includes data f o r  the 1.50:l die area system only; additional 
data a t  varyin@; l o a d  weights may be uompiled t o  develop s imilar  graphs 
for 1.23:l or other syatems. 
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, the heavier load is  associated w f t h  lower g-level, and hence longer ram 
travel.  
of ram t rave l  is found t o  be: 

Thus, using h0 g f s  as the estimated deceleration mode, the length 

10,000 f t - l b  1 = ( U S  x bo> lb = 6.8 inches, 

Limitations of Shsek S t ru t  Concept 

The most s ignif icant  l imitation of the shock strut design ooncept is  
t h a t ,  i n  i t s  current fom, it requires essent ia l ly  perpendicular impact for 
proper functioning. It is possible, however, t ha t  suscept ibi l i ty  t o  damage 
upon oblique landing may be reduced by proper support mechanism (e.g., 
spherical sections as contact members), in order t o  provide essent ia l ly  
ax ia l  load delivery t o  the shock strut., 

The data acquired i n  t h i s  work has not established lower l i m i t s  on 
peak deceleration g-loading, 
should be attainable by additional varfatfonns of' b i l l e t  hardness, die 
entry angle, die extrusion rat io ,  and/or load weight, 

Et" lower paPC l eve ls  are  desired, they 

c 
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CONCLUSIONS . 
1. The inverse extrusion process was demonstrated t o  be effect ive i n  ab- 

sorption of impact energy, wi th  essent ia l ly  constant force leve ls  de- 
veloped during absorption, 

2. Aluminum was found t o  be a sat isfactory material f o r  use i n  shook s t r u t  
b i l l e t s .  
use objectives. 

The par t icular  a l loy and temper required w i l l  vary w i t h  end- 

3. Deceleration praf i le  i s  influenced most s ignif icant ly  by geometric and 
physical properties of the b i l l e t s ,  
shapes were found t o  be most effective w i t h  regard t o  peak deceleration 
and energy absorption eff ic iencies  developed. 

Thin-walled annular cross-sectional 

4. Small diameter components ( b i l l e t  diameter 1.125 inch) were found t o  be 
adequate i n  absorbing impact energies up t o  a t  l e a s t  6500 foot-pounds. 
Component length requirement was determined t o  vary direct ly  w i t h  impact 
energy and w i t h  the character is t ics  af the b i l l e t  and the extrusion 

5. Using 6061 aluminum alloy thin-wall b i l l e t s ,  peak deceleration leve ls  
within the range of 25 t o  65 g ' e  were obtained w i t h  var ia t ion of temper 
from T-6 to solution-treated, and wi th  var ia t ion of load from 270 pounds 
t o  pounds. The associated energy absorption eff ic iencies  ranged 
upward f rom 60,000 t o  over 80,000 foot-pounds per pound, calculated on 
the basis  of weight of b i l l e t  expended only. 
to be significantly higher than those of al ternat ive energy absorption 
eystems, considering weight of energy absorptive materials only. 

Design of ehock s t r u t s  f o r  specif ic  end-use requirements may be accom- 
plished using empirical data t o  determine component cross-sectional 
shape and metallurgical properties, and the conservation of energy 
equation t o  determine canponent lengths. 

These eff ic iencies  appear 

6. 
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APPENDIX A 

ADDITIONAL SHOCK STRUT PERFORMANCE DATA 



. 
BILLET 

OSCILLOSCOPE SETTINGS 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensi t ivi ty:  10 mv/g 

DECELERATION PROFILE 

Mode g-level: 65 g ' s  Duration of Event: 11 m s  

ENERGY ABSORPTION 

Drop Height: 5 f t  Distance of Ram Travel: 0.813 in .  

Load Weight: 270 l b  

Impact Energy: 1350 ft-lb e = 18,000 f t - lb/ lb  

Figure A - 1  

SHOCK STRUT PERFORMANCE 

Drop No. 97 
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BILLET 

~ C 7 L L O S C O p E  SETTINGS 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerometer Sensi t ivi ty:  10 mv/g 

DECELERATION PROFILE 

Material: A1 1100-0 

Cross Section: 

ID: 0 (Solid) 
OD: 1.128 in.  

D I E  - 
Entry Area: 1 sq. in. 
Exit Area: 0.666 sq. in.  
Area Ratio: 1.5O:l 

Mode g-level: 60 g ' s  Duration of Event: 12-1/2 m s  

ENERGY ABSORPTION 

Drop Height: 10 f t  Distance of Ram Travel: 1.287 in. 

Load Weight: 270 l b  

Impact Energy: 2700 f t - l b  e = 23,400 f t - l b / lb  

Figure A-2 

SHOCK STRUT PERFORMANCE 
Drop No. 102 

-. 
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OSCILLOSCOPE SETTINGS 

Sweep: 2 ma/cm Vertical &tin: 0.5 v/cm 

Acceleraneter Sensitivity: 10 mv/g 

DECELERATION PRCFILE 

Mode g-level: 50 g ' s  Duration of Event: 16 m s  

ENERGY ABSORPTION 

Drop Height: 5 f t  Distance of Ram Travel: 1.4375 in. 

Load Weight: 270 l b  

Impact Energy: 1350 f t - lb  e = 18,000 ft-lb/lb 

Figure A-3 

SHOCK STRUT PERFORMANCE 

Drop No. 120 
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OSCILLOSCOPE SETTINGS 

Sweep: 5 ms/cm Vertical  Gain: 0.5 v/cm 

Acceleraneter Sensi t ivi ty:  10 mv/g 

DECELERATION PROFILE 

BILLET 

Material: A1 1100-0 

Cross Section: 
ID: 0.625 in. 
m: 1.128 in. 

Entry Area: 1 sq. in .  
Exit  Area: 0.666 sq. 
Area Ratio: 1.SO:l 

Mode g-level: 65 g ' s  Duration of Event: 18 ms 

ENERGY ABSORPTION 

Drop Height: 20 f t  Distance of Ram Travel: 2.531 in. 

Load Weight: 270 l b  

Impact Energy: 5400 f t - l b  e = 33,300 f t - lb / lb  

Figure A-4 

SHOCK STRUT PERFClRMANCE 

Drop No. 115 

in.  
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BILLET 

OSCILLOSCOPE SETTINGS 

Sweep: 2 ms/cm Vertical min :  0.5 v/cm 

Accelerometer Sensit ivity:  10 mv/g 

DECELERATION PRCFlLE 

Material: Al1100-0 

Crow Section: 
ID: 0.625 in. 
OD: 1.128 in .  

D I E  - 
Entry Area: 1 aq. i n  
Bcit  Area: 0.666 eq. 
Area Ratio: 1.SO:l 

. 
.n. 

Mode g-level: 65 g's Duration of Event: 1 7  m s  

ENERGY ABSORPTION 

Drop Height: 20 f t  

Load Weight: 270 l b  

Impact Energy: 5400 f t - l b  e = 29,500 f t - lb/ lb  

Figure A-S 

SHOCK STRUT PERFORMANCE 
Drop No. 116 
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OSCILLOSCOPE SETTINGS 

Sweep: 2 ms/cm Vertical  Gain: 0.5 v/cm 

Accelerometer Sens i t iv i ty  : 10 mv/g 

DECELERATION PRCFILE 

Mode g-level: 55 g ' s  Duration of Event: Indeterminate ms 

ENERGY ABS ORPT ION 

Drop Height: 1s f t  Distance of Ram Travel: 3-3/8 i n .  

Load Weight: 270 l b  

Impact Energy: 3050 ft-lb 

Figure A-6 

SHOCK STRUT PF3FORMANCE 
Drop No. 135 
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BILLET 

OSCILLOSCOPE SETTINGS 
~~ 

Sweep: 2 ms/cm Vertical Gain: 0.5 v/cm 

Accelerolneter Sensit ivity:  10 mv/g 

DECELERATION PRCFILE 

Mode g-level: 50 g ' s  Duration of Event: Indeterminate m s  

ENERGY ABSORPTION 

Drop Height: 10 f t  

Load Weight: 270 lb 

SHOCK STRUT PERFORMANCE 
Drop No. 129  
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